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This Appeal Brief, filed in connection with the above captioned patent application, is 
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I. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/941,992 recorded 
November 16, 2001, at Reel 012176 and Frame 0450. 

II. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PROl 187." There exist two related patent applications, (1) U.S. Patent Application 
Serial No. 09/989,733, filed November 20, 2001 (containing claims directed to nucleic acids 
encoding PROl 187 polypeptides), and (2) U.S. Patent Application Serial No. 09/997,559, filed 
November 15, 2001 (containing claims directed to PROl 187 polypeptides). U.S. Patent 
Application Serial No. 09/989,733 (nucleic acid case) has been allowed and the issue fee has 
been paid. The related U.S. Patent Application Serial No. 09/997,559 application is also under 
final rejection by the same Examiner and based upon the same outstanding rejections is being 
appealed independently and concurrently herewith. 

III. STATUS OF CLAIMS 

Claims 1 19-123 are in this application. 
Claims 1-118 and 124 have been canceled. 

Claims 1 19-123 stand rejected and Appellants appeal the rejection of these claims. 

IV. STATUS OF AMENDMENTS 

All previous amendments have been entered. A copy of the rejected claims in the present 
Appeal is provided as Appendix A. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated antibody and 
antibody fragments that specifically binds to the polypeptide of SEQ ID NO: 399 (Claim 119), 
referred to in the present application as "PROl 187." The invention is further directed to 
monoclonal antibodies (Claim 120), humanized antibodies (Claim 121), and labeled antibodies 
(Claim 123) that specifically bind to the polypeptide of SEQ ID NO: 399. The PROl 187 gene 
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was shown for the first time in the present application to be significantly amplified in human 
lung cancers as compared to normal, non-cancerous human tissue controls (Example 170). 

Support for the preparation and uses of antibodies is found throughout the specification, 
including, for example, pages 390-395. The preparation of antibodies is described in 
Example 144, while Example 145 describes the use of the antibodies for purifying the 
polypeptides to which they bind. Isolated antibodies are defined in the specification at page 315, 
line 31. Support for monoclonal antibodies is found in the specification at, for example, 
page 390, line 17, to page 392, line 3. Support for humanized antibodies is found in the 
specification at, for example, page 392, line 4, to page 393, line 6. Support for antibody 
fragments is found in the specification at, for example, page 314, line 30 onwards. Support for 
labeled antibodies is found in the specification at, for example, page 316, lines 3. 

The amino acid sequence of the native "PRO 1 187" polypeptide and the nucleic acid 
sequence encoding this polypeptide (referred to in the present application as "DNA62876-1517") 
are shown in the present specification as SEQ ID NOs: 399 and 398, respectively, and in 
Figures 284 and 283, described on page 301, lines 34-37. The full-length PROl 187 polypeptide 
having the amino acid sequence of SEQ ID NO:399 is described in the specification at, for 
example, on page 38 and pages 258-260, page 368 and the isolation of cDNA clones encoding 
PROl 187 of SEQ ID NO:399 is described in Example 127, page 504-505 of the specification. 

Finally, Example 170, in the specification at page 539, line 19, to page 555, line 5, sets 
forth a 'Gene Amplification assay' which shows that the PROl 187 gene is amplified in the 
genome of certain human lung cancers (see Table 9C, page 554). The profiles of various 
primary lung tumors used for screening the PRO polypeptide compounds of the invention in the 
gene amplification assay are summarized on Table 8, page 546 of the specification. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1 . Whether Claims 119-123 satisfy the utility/ enablement requirement under 3 5 
U.S.C. §§101/112, first paragraph. 
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VII. ARGUMENTS 
Summary of the Arguments: 

Issue 1 : Utility/ Enablement 

Appellants rely upon the gene amplification data of the PRO 1 187 gene for patentable 
utility of the PROl 187 polypeptides. This data is clearly disclosed in the instant specification in 
Example 170 which discloses that the gene encoding PROl 187 showed significant amplification, 
ranging from 2.25-fold to 2.928-fold in different squamous lung tumors . Therefore, such a gene 
is useful as a marker for the diagnosis of lung cancer , and for monitoring cancer development 
and/or for measuring the efficacy of cancer therapy. 

The Examiner asserted in the first Final Office Action mailed September 30, 2004 that 
amplification of the PROl 187 polynucleotide does not impart a specific, substantial, and credible 
utility for the PROl 187 polypeptide or its antibodies. In support of this assertion, the Examiner 
cited references by Pennica et al, Konopka et al. and Haynes et al. 

Appellants submit that, these references do not conclusively establish a prima facie case 
for lack of utility because the references are, either not contrary to the Appellants' arguments, or, 
actually lend support to the Appellants' position, as explained in detail below. On the other 
hand, Appellants add that while the literature indicates that some references demonstrate a 
positive correlation between mRNA expression and protein levels, while some show no 
correlation, there are more cases in literature that show a positive correlation than not . For 
instance, the teachings of Pennica et al. and Konopka et al. are not directed towards genes in 
general but to a single gene or genes within a single family and thus, their teachings cannot 
support a general conclusion regarding correlation between gene amplification and mRNA or 
protein levels. Further, Appellants submit that the teachings of Haynes et al. in fact, meets the 
"more likely than not standard" and shows that a positive correlation exists between mRNA and 
protein . Thus, Appellants submit that these references do not conclusively establish a prima 
facie case for lack of utility. 

On the other hand, Appellants had submitted ample evidence to show that, in general, if a 
gene is amplified in cancer, it is more likely than not that the encoded protein will also be 
expressed at an elevated level. First, the articles by Orntoft et al, Hyman et al, and Pollack et 
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al. (made of record in Appellants' Response filed June 16, 2004) collectively teach that in 
general, gene amplification increases mRNA expression . Second, the Declaration of Dr. Paul 
Polakis (made of record in Appellants' Response filed June 16, 2004), principal investigator of 
the Tumor Antigen Project of Genentech, Inc., the assignee of the present application, shows 
that, in general, there is a correlation between mRNA levels and polypeptide levels . 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip arrays in 2004 alone. Clearly, the research community believes that 
the information obtained from these chips is useful {i.e., that it is more likely than not 
informative of the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between DNA, mRNA, 
and polypeptide levels, these instances are exceptions rather than the rule . In the majority of 
amplified genes , as exemplified by Orntoft et al, Hyman et al, Pollack et al, the Polakis 
Declaration and the widespread use of array chips, the teachings in the art overwhelmingly show 
that gene amplification influences gene expression at the mRNA and protein levels . Therefore, 
one of skill in the art would reasonably expect in this instance, based on the amplification data 
for the PROl 187 gene, that the PROl 1 87 polypeptide is concomitantly overexpressed. Thus, the 
claimed antibodies to PROl 187 polypeptides also have utility in the diagnosis of lung cancer. 

Appellants further submit that even if there were no correlation between gene 
amplification and increased mRNA/protein expression, (which Appellants expressly do not 
concede), a polypeptide encoded by a gene that is amplified in cancer would still have a specific, 
substantial, and credible utility. Appellants submit that, as evidenced by the Ashkenazi 
Declaration and the teachings of Hanna and Mornin (both made of record in Appellants' 
Response filed June 16, 2004), simultaneous testing of gene amplification and gene product 
over-expression enables more accurate tumor classification , even if the gene-product, the protein, 
is not over-expressed. This leads to better determination of a suitable therapy for the tumor, as 
demonstrated by a real- world example of the breast cancer marker HER-2/neu. Accordingly, 
Appellants submit that when the proper legal standard is applied, one should reach the 
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conclusion that the present application discloses at least one patentable utility for the claimed 
PR01187 polypeptides and its antibodies thereof. 

Accordingly, one of ordinary skill in the art would also understand how to make and use 
the recited antibodies for the diagnosis of lung cancer without any undue experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 

Response to Rejections 

ISSUE 1. Claims 119-123 are Supported by a Credible, Specific and Substantial Asserted 
Utility, and Thus Meet the Utility Requirement of 35 U.S.C. $$101/112, First Paragraph 

The sole basis for the Examiner's rejection of Claims 1 19-123 under this section is that 
the data presented in Example 170 of the present specification is allegedly insufficient under the 
present legal standards to establish a patentable utility under 35 U.S.C. §101 for the presently 
claimed subject matter. 

Claims 1 19-123 stand further rejected under 35 U.S.C. §112, first paragraph, allegedly 
"since the claimed invention is not supported by either a specific and substantial asserted utility or a 
well established utility for the reasons set forth above, one skilled in the art clearly would not know 
how to use the claimed invention." 

Appellants strongly disagree and respectfully traverse the rejection. 

A. The Legal Standard For Utility Under 35 U.S.C. $101 

According to 35 U.S.C. §101: 

Whoever invents or discovers any new and useful process, machine, manufacture, 
or composition of matter, or any new and useful improvement thereof, may obtain 
a patent therefor, subject to the conditions and requirements of this title. 
(Emphasis added). 

In interpreting the utility requirement, in Brenner v. Manson, the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent Applicant disclose a "substantial utility" for his or 



1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 
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her invention, i.e., a utility "where specific benefit exists in currently available form." The 
Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 

4 

Later, in Nelson v. Bowler, the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The Court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility." 5 

In Cross v. Iizuka, 6 the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e., there is a reasonable correlation there between." 7 The Court perceived, "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 

8 

practical utility." 



2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

"id. ■ 
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The case law has also clearly established that Appellants' statements of utility are usually 

9 . . 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 

10 

burden to prove that Appellants' claims of usefulness are not believable on their face. In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

,11 12 

the art to question the objective truth of the statement of utility or its scope.' ' 

13 

Compliance with 35 U.S.C. §101 is a question of fact. The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the Applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 

("Utility Guidelines"),' 5 which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 

U In re lunger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In reJolles, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 
F.2d974, 144 USPQ 351 (1965); In re Sichert, 566 F.2d 1154, 1159, 196 USPQ 209,212-13 
(C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) 
cert, denied, 469 US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 

1992). 

15 66 Fed. Reg. 1092 (2001). 
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• 



utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial' utility.'"' 6 Indeed, the Guidelines for Examination of 
Applications for Compliance With the Utility Requirement, 17 gives the following instruction to 
patent examiners: "If the Applicant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants respectfully submit that the data presented in Example 170 starting on 
page 539 of the specification of the specification and the cumulative evidence of record, which 
underlies the current dispute, indeed support a "specific, substantial and credible" asserted utility 
for the presently claimed invention. 

Patentable utility for the PRO 1 187 polypeptides is based upon the gene amplification 
data for the gene encoding the PRO 1 187 polypeptide. Example 170 describes the results 
obtained using a very well-known and routinely employed polymerase chain reaction 
(PCR)-based assay, the TaqMan™ PCR assay, also referred to herein as the gene amplification 
assay. This assay allows one to quantitatively measure the level of gene amplification in a given 
sample, say, a tumor extract, or a cell line. It was well known in the art at the time the invention 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 n(B)(l). 
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was made that gene amplification is an essential mechanism for oncogene activation. Appellants 
isolated genomic DNA from a variety of primary cancers and cancer cell lines that are listed in 
Table 9 (pages 539 onwards of the specification), including primary lung cancers of the type and 
stage indicated in Table 8 (page 546). The tumor samples were tested in triplicates with 
Taqman™ primers and with internal controls, beta-actin and GADPH in order to quantitatively 
compare DNA levels between samples (page 548, lines 33-34). As a negative control, DNA was 
isolated from the cells often normal healthy individuals, which was pooled and used as a control 
(page 539, lines 27-29) and also, no-template controls (page 548, lines 33-34). The results of 
TaqMan™ PCR are reported in ACt units, as explained in the passage on page 539, lines 37-39. 
One unit corresponds to one PCR cycle or approximately a 2-fold amplification, relative to 
control, two units correspond to 4-fold, 3 units to 8-fold amplification and so on. Using this 
PCR-based assay, Appellants showed that the gene encoding for PROl 187 was amplified, that is, 
it showed approximately 1.17-1.55 ACt units which corresponds to 2^-^-2 1-55. fold 
amplification or 2.25- fold to 2.928-fold amplification in squamous cell carcinomas of lung. 

Appellants submit that the Declaration by Dr. Audrey Goddard, presented in their 
response mailed August 1, 2005, provides a statement by an expert in the relevant art that "fold 
amplification" values of at least 2-fold are considered significant in the TaqMan™ PCR gene 
amplification assay. Appellants particularly draw the Board's attention to page 3 of the Goddard 
Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy number 
in the tumor sample relative to the normal sample serves as a basis for using 
relative gene copy number as quantitated by the TaqMan PCR technique as a 
diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 
2-fold by the quantitative TaqMan PCR assay in a tumor sample relative to a 
normal sample is useful as a marker for the diagnosis of cancer, for monitoring 
cancer development and/or for measuring the efficacy of cancer therapy. 
(Emphasis added). 

Accordingly, the 2.099 fold to 2.219-fold in different lung primary tumors would be 
considered significant and credible by one skilled in the art, based upon the facts disclosed in the 
Goddard Declaration. 
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Further, any skilled artisan in the field of oncology would also appreciate that, not all 
tumor markers are generally associated with every tumor, or even, with most tumors. In fact, 
some tumor markers are useful for identifying rare malignancies . That is, the association of the 
tumor marker with a particular type of tumor lesion may be rare, or, the occurrence of that 
particular kind of tumor lesion itself may be rare. In either event, even these rare tumor markers, 
which may not give a positive hit with most common tumors, have great value in tumor 
diagnosis, and consequently, in tumor prognosis . The skilled artisan would know that such 
tumor markers are very useful for better classification of tumors. Therefore, whether the 
PRO 1 187 gene is amplified in lung in most tumors is not relevant to its identification as a tumor 
marker, or its patentable utility. Rather, whether the amplification data for PROl 1 87 is 
significant is what lends support to its usefulness as a tumor marker. There the rejection 
indicating that the asserted utility is "not specific or substantial because the gene amplification 
observed is small" is not legally correct. It was well known in the art at the time of filing of the 
application that gene amplification, which occurs in most solid tumors like lung cancers, is 
generally associated with poor prognosis. Therefore, the PROl 187 gene becomes an important 
diagnostic marker for identifying malignant lung cancers, even if the malignancy associated with 
PROl 187 molecule is a rare occurrence . Accordingly, the present specification clearly discloses 
sufficient evidence that the gene encoding the PROl 187 polypeptide is significantly amplified in 
certain types of lung tumors and is therefore, antibodies to PROl 187 are valuable diagnostic 
markers for identifying certain types of lung cancers. 

Taken together, the instant polypeptides, and their antibodies find utility as a diagnostic 
for lung cancer or for individuals at risk of developing lung cancer. 

C. A prima facie case of lack of utility has not been established 

As discussed above, the increase in DNA copy number for the PROl 187 gene is 
significant. Further, the evidentiary standard to be used throughout ex parte examination of a 
patent application is a preponderance of the totality of the evidence under consideration. Thus, 
to overcome the presumption of truth that an assertion of utility by the applicant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
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doubt the truth of the statement of utility. Only after the Examiner has made a proper prima 
facie showing of lack of utility, does the burden of rebuttal shift to the Applicant. 

Accordingly, it is not a legal requirement to establish a necessary correlation between an 
increase in the copy number of the DNA and protein expression levels that would correlate to the 
disease state or that it is imperative to find evidence that DNA amplification is " necessarily " or 
"always" associated with overexpression of the gene product. Appellants respectfully submit 
that when the proper evidentiary standard is applied, a correlation must be acknowledged. 
Appellants submit that, the teachings of Pennica et al. and Konopka et al. are not directed 
towards genes in general but to a single gene or genes within a single family and thus, their 
teachings cannot support a general conclusion regarding correlation between gene amplification 
and mRNA or protein levels. For instance, the teachings of Pennica et al. are specific to WISP 
genes, a specific class of closely related molecules. Pennica et al. showed that there was good 
correlation between DNA and mRNA expression levels for the WISP-1 gene but not for WISP-2 
and WISPS genes. But, the fact that in the case of closely related molecules, there seemed to be 
no correlation between gene amplification and the level of mRNA/protein expression does not 
establish that it is more likely than not, in general, that such correlation does not exist. As 
discussed above, the standard is not absolute certainty . Pennica et al. has no teaching 
whatsoever about the correlation of gene amplification and protein expression for genes in 
general . Similarly, in Konopka et al, Appellants submit that the Examiner has generalized a 
very specific result disclosed by Konopka et al. to cover all genes. Konopka et al. actually state 
that "[p]rotein expression is not related to amplification of the abl gene but to variation in the 
level of bcr-ab\ mRNA produced from a single Ph 1 template." (See Konopka et al ., Abstract, 
emphasis added). The paper does not teach anything whatsoever about the correlation of protein 
expression and gene amplification in general and provides no basis for the generalization that 
apparently underlies the present rejection. The statement of Konopka et al. that "[p]rotein 
expression is not related to amplification of the abl gene ..." is not sufficient to establish a 
prima facie case of lack of utility. Therefore, the combined teachings of Pennica et al. and 
Konopka et al. are not directed towards genes in general but to a single gene or genes within a 
single family and thus, their teachings cannot support a general conclusion regarding correlation 
between gene amplification and mRNA or protein levels. 
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Actually, the cited reference Haynes et al, showed that " there was a general trend, 
although no strong correlation between protein [expression] and transcript levels." (see Figure 1 
and page 1863, paragraph 2.1, last line). Therefore, when the proper legal standard is used, 
Haynes clearly supports the Appellants' position that in general, a positive correlation exists 
between mRNA and protein . This is all that's needed to meet the "more likely than not" 
evidentiary standard. Again, accurate prediction is not the standard . Therefore, a prima facie 
case of lack of utility has not been met based on the cited references Pennica et al, Konopka et 
al. and Haynes et al. 

On the contrary, Appellants submit that Example 170 in the specification further 
discloses that, "(amplification is associated with overexpression of the gene product, indicating 
that the polypeptides are useful targets for therapeutic intervention in certain cancers such as 
colon, lung, breast and other cancers and diagnostic determination of the presence of those 
cancers" (emphasis added). Besides, Appellants have submitted ample evidence (discussed 
below) to show that, in general, if a gene is amplified in cancer, it is "more likely than not" likely 
that the encoded protein will also be expressed at an elevated level. 

For support, Appellants presented the articles by Orntoft et al, Hyman et al, and Pollack 
et al. (made of record in Appellants' Response filed June 16, 2004), who collectively teach that 
in general, for most genes, DNA amplification increases mRNA expression . The results 
presented by Orntoft et al, Hyman et al, and Pollack et al. are based upon wide ranging 
analyses of a large number of tumor associated genes. Orntoft et al. studied transcript levels of 
5600 genes in malignant bladder cancers, many of which were linked to the gain or loss of 
chromosomal material, and found that in general (18 of 23 cases) chromosomal areas with more 
than 2-fold gain of DNA showed a corresponding increase in mRNA transcripts. Hyman et al 
compared DNA copy numbers and mRNA expression of over 12,000 genes in breast cancer 
tumors and cell lines, and found that there was evidence of a prominent global influence of copy 
number changes on gene expression levels. In Pollack et al, the authors profiled DNA copy 
number alteration across 6,691 mapped human genes in 44 predominantly advanced primary 
breast tumors and 10 breast cancer cell lines, and found that on average, a 2-fold change in DNA 
copy number was associated with a corresponding 1 .5-fold change in mRNA levels. In 
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summary, the evidence supports the Appellants' position that gene amplification is more likely 
than not predictive of increased mRNA and polypeptide levels. 

Second, the Declaration of Dr. Paul Polakis (made of record in Appellants' Response 
filed June 16, 2004), principal investigator of the Tumor Antigen Project of Genentech, Inc., the 
assignee of the present application, explains that in the course of Dr. Polakis' research using 
microarray analysis, he and his co-workers identified approximately 200 gene transcripts that are 
present in human tumor cells at significantly higher levels than in corresponding normal human 
cells. Appellants submit that Dr. Polakis' Declaration was presented to support the position that 
there is a correlation between mRNA levels and polypeptide levels, the correlation between gene 
amplification and mRNA levels having already been established by the data shown in the Orntoft 
et al, Hyman et al, and Pollack et al. articles. Appellants further emphasize that the opinions 
expressed in the Polakis Declaration, including in the above quoted statement, are all based on 
factual findings. For instance, antibodies binding to about 30 of these tumor antigens were 
prepared, and mRNA and protein levels were compared. In approximately 80% of the cases , the 
researchers found that increases in the level of a particular mRNA correlated with changes in the 
level of protein expressed from that mRNA when human tumor cells are compared with their 
corresponding normal cells . Therefore, Dr. Polakis' research, which is referenced in his 
Declaration, shows that, in general, there is a correlation between increased mRNA and 
polypeptide levels . 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip® arrays in 2004. Clearly, the research community believe that the 
information obtained from these chips is useful (i.e., that it is more likely than not that the results 
are informative of protein levels). 

Taken together, all of the submitted evidence supports the Appellants' position that, in 
the majority of amplified genes , increased gene amplification levels, more likely than not, predict 
increased mRNA and polypeptide levels, which clearly meets the utility standards described 
above. Hence, one of skill in the art would reasonably expect that, based on the gene 
amplification data of the PROl 187 gene, the PROl 187 polypeptide is concomitantly 
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overexpressed in the lung tumors studied as well and hence PRO 1 187 antibodies would be useful 
in the diagnosis of cancer. 

Appellants further submit that even if there were no correlation between gene 
amplification and increased mRNA/protein expression, (which Appellants expressly do not 
concede), a polypeptide encoded by an amplified gene in cancer would still have a specific, 
substantial, and credible utility, as was discussed in the Declaration of Dr. Avi Ashkenazi 
(submitted with Appellants' Response filed June 16, 2004). 

According to the Declaration, even if over-expression of the gene product does not 
parallel gene amplification in certain tumor types, parallel monitoring of gene amplification and 
gene product over-expression enables more accurate tumor classification and hence better 
determination of suitable therapy. In addition, absence of over-expression is crucial information 
for the practicing clinician. If a gene is amplified in a tumor, but the corresponding gene product 
is not over-expressed, the clinician will decide not to treat a patient with agents that target that 
gene product. This not only saves money, but also has the benefit that the patient can avoid 
exposure to the side effects associated with such agents. 

This utility is further supported by the teachings of the article by Hanna and Momin. 
(Pathology Associates Medical Laboratories, August (1999), submitted with the Response filed 
June 16, 2004). The article teaches that the HER-2/neu gene has been shown to be amplified 
and/or over-expressed in 10%-30% of invasive breast cancers and in 40%-60% of intraductal 
breast carcinomas. Further, the article teaches that diagnosis of breast cancer includes testing 
both the amplification of the HER-2/neu gene (by FISH) as well as the over-expression of the 
HER-2/neu gene product (by IHC). Even when the protein is not over-expressed, the assay 
relying on both tests leads to a more accurate classification of the cancer and a more effective 
treatment of it. 

Thus, based on the asserted utility for PROl 187 in the diagnosis of selected lung tumors, 
the reduction to practice of the instantly claimed protein sequence of SEQ ID NO: 399 in the 
present application, the disclosure of the step-by-step protocols for making PRO polypeptides, 
the disclosure of a step-by-step protocol for making and expressing PROl 187 in appropriate host 
cells (in Examples 140-143 and page 376, line 12), the step-by-step protocol for the preparation, 
isolation and detection of monoclonal, polyclonal and other types of antibodies against the 
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PR01 1 87 protein in the specification (at pages 390-395) and the disclosure of the gene 
amplification assay in Example 170, the skilled artisan would know exactly how to make and use 
the claimed polypeptide for the diagnosis of lung cancers and use antibodies to the polypeptides 
for the diagnosis of lung cancer. Appellants submit that based on the detailed information 
presented in the specification and the advanced state of the art in oncology, the skilled artisan 
would have found such testing routine and not 'undue.' Thus, barring evidence to the contrary, 
Appellants maintain that the fold amplification disclosed for the PRO 1 187 gene is significant 
and forms the basis for the utility for the claimed antibodies to the PRO 1 187 polypeptide. 

Therefore, since the instantly claimed invention is supported by either a credible, specific 
and substantial asserted utility or a well-established utility, and since the present specification 
clearly teaches one skilled in the art "how to make and use" the claimed invention without undue 
experimentation, Appellants respectfully request reconsideration and reversal of this outstanding 
rejections under 35 U.S.C. §101 and §112, First Paragraph to Claims 119-123. 



For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. Moreover, it is 
respectfully submitted that based upon this disclosed patentable utility, the present specification 
clearly teaches "how to use" the presently claimed polypeptide. As such, Appellants respectfully 
request reconsideration and reversal of the outstanding rejection of Claims 1 19-123. 



HELLER EHRMAN LLP 
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Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
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Date: April 17, 2006 
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IX. CLAIMS APPENDIX 

Claims on Appeal 

1 19. An antibody that specifically binds to the polypeptide of SEQ ID NO: 399. 

120. The antibody of Claim 1 19 which is a monoclonal antibody. 

121. The antibody o f Claim 1 1 9 which is a humanized antibody. 

1 22. The antibody of Claim 1 19 which is an antibody fragment. 

1 23 . The antibody of Claim 1 1 9 which is labeled. 
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X. EVIDENCE APPENDIX 



1. Declaration of Paul Polakis, Ph.D. under 35 C.F.R. §1.132. 

2. Declaration of Avi Ashkenazi, Ph.D. under 35 C.F.R. §1.132, with attached 
Exhibit A (Curriculum Vitae). 

3. Declaration of Audrey Goddard, Ph.D. under 35 C.F.R. 1.132, with attached 
Exhibits A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et al., "Simultaneous amplification and detection of specific DNA 
sequences," Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et al., "Oligonucleotides with fluorescent dyes at opposite ends 
provide a quenched probe system useful for detecting PCR product and nucleic 
acid hybridization," PCR Methods Appl. 4:357-362 (1995). 

D. Heid, C.A. et al., "Real time quantitative PCR," Genome Res. 6:986-994 (1996). 

E. Pennica, D. et al., "WISP genes are members of the connective tissue growth 
factor family that are up-regulated in Wnt-1 -transformed cells and aberrantly 
expressed in human colon tumors," Proc. Natl. Acad. Sci. USA 95 : 1 47 1 7- 1 4722 
(1998). 

F. Pitti, R.M. et al, "Genomic amplification of a decoy receptor for Fas ligand in 
lung and colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et al., "Novel approach to quantitative polymerase chain reaction using 
real-time detection; Application to the detection of gene amplification in breast 
cancer," Int. J. Cancer 78:661-666 (1998). 

4. Orntoft, Ti\, et al., "Genome-wide Study of Gene Copy Numbers, Transcripts, 
and Protein Levels in Pairs of Non-Invasive and Invasive Human Transitional Cell Carcinomas," 
Molecular & Cellular Proteomics 1 :37-45 (2002). 

5. Hyman, E., et al., "Impact of DNA Amplification on Gene Expression Patterns in 
Breast Cancer," Cancer Research 62:6240-6245 (2002). 

6. Pollack, J.R., et al., "Microarray Analysis Reveals a Major Direct Role of DNA 
Copy Number Alteration in the Transcriptional Program of Human Breast Tumors," Proc. Natl. 
Acad. Sci. USA 99:12963-12968 (2002). 

7. Hanna et al., "HER-2/neu Breast Cancer Predictive Testing," Pathology 
Associates Medical Laboratories (1999). 
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8. Pennica et al, "WISP genes are members of the connective tissue growth factor 
family that are up-regulated in Wnt-1 -transformed cells and aberrantly expressed in human colon 
tumors," Proc. Natl. Acad. Sci. USA 95:14717-14722 (1998). 

9. Konopka et al, "Variable expression of the translocated c-abl oncogene in 
Philadelphia-chromosome-positive B-lymphoid cell lines from chronic myelogenous leukemia 
patients," Proc Natl Acad Sci USA. 83:4049-52 (1986). 

10. Haynes et al, "Proteome analysis: Biological assay or data archive?" 
Electrophoresis 19:1862-1871 (1996). 

Items 1, 2 and 4-7 were submitted with Appellants' Response filed June 16, 2004, and were 
considered by the Examiner as indicated in the first Final Office action mailed September 30, 
2004. 

Item 3 was submitted with Appellants' Response filed August 1, 2005, and was considered by 
the Examiner as indicated in the Final Office action mailed October 18, 2005. 

Item 10 was made of record by the Examiner in the Office Action mailed March 18, 2004. 

Items 8-9 were made of record by the Examiner in the Final Office Action mailed September 30, 
2004. 
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XI. RELATED PROCEEDINGS APPENDIX 

None - no decision rendered by a Court or the Board in any related proceedings identified 

above.. 
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I, Paul Polakis, Ph.D., declare and say as follows: 



DECLARATION OF PAUL POLAKIS, Ph.D. 



1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 



State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative L 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 



Dated: 5/£V0_ 




Paul Polakis, Ph.D. 
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an dAshkenazi, A. Inhibition of TNF by a TNF receptor immunoadhesin: 
comparison with an anti-TNF mAb. Immunol 152, 1347-1353 (1994). 
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30. Chamow, S., Kogan, T., Venuti, M., Gadek, T., Peers, D., Mordenti, J., Shak, S., 
and Ashkenazi, A. Modification of CD4 immunoadhesin with monomethoxy- 
PEG aldehyde via reductive alkilation. Bioconj. Chem. 5, 133-140 (1994). 

31. Jin, H., Yang, R, Marsters, S., Bunting, S., Wurm, F., Chamow, S., and 
Ashkenazi, A. Protection against rat endotoxic shock by p55 tumor necrosis factor 
(TOT) receptor immunoadhesin: comparison to anti-TNF monoclonal antibody. J. 
Infect. Diseases HQ, 1323-1326(1994). 

32. Reck. J.: Marsters. S.. Harris. R. Ashkenazi. A., and Chamow, S. Generation of 
soluble interleukin-1 receptor from an immunoadhesin by specific cleavage. Mo/. 
J/nm«no7. 31, 1335-1344(1994). 

33. Pitti, B., Marsters, M., Haak-Frendscho, M., Osaka, G., Mordenti, J., Chamow, S., 
■ and Ashkenazi, A. Molecular and biological properties of an interleukin- 1 

receptor immunoadhesin. Mol. Immunol. 31, 1345-1351 (1994). 

34. Oksenberg, D., Havlik, S., Peroutka, S., and Ashkenazi. A. The third intraceiluiar 
loop of the 5-HT2 receptor specifies effector coupling. J. Neurochem. 64, 1440- 
1447(1995). 

35. Bach, E., Szabo, S., Dighe, A., Ashkenazi. A.. Aguet, M., Murphy, K., and 
Schreiber, R. Ligahd-induced autoregulation of IFN-y receptor p chain expression 
in T helper cell subsets. Science 270, 1215-1218 (1995). 

36. Jin, H., Yang, R., Marsters, S., Ashkenazi. A., Bunting, S., Marra, M., Scott, R, 
and Baker, J. Protection against endotoxic shock by bactericidal/permeability- 
increasing protein in rats. J. Clin. Invest 95, 1947-1952 (1995). 

37. Marsters, S,, Penica, D., Bach, E., Schreiber, R., and Ashkenazi. A. Interferon y 
signals via a high-affinity multisubunit receptor complex that contains two types 
of polypeptide chain. Proc. Natl. Acad. Sci. USA. 92, 5401-5405 (1995). 

38. Van Zee, K., Moldawer, L., Oldenburg, H., Thompson, W., Stackpole, S., 
MOntegut, W , Rogy, M., Meschter, C., GaUati, H., Schiller, C., Richter, W., 
Loetcher, H., Ashkenazi. A .. Chamow, S., Wurm, F., Calvano, S., Lowry, S., and 
Lesslauer, W. Protection against lethal E. coli bacteremia in baboons by 
pretreatment with a 55-kDa TNF receptor-Ig fusion protein, Ro45-2081. J. 
Immunol. 156, 2221-2230 (1996). 

39. Pitti, R., Marsters, S., Ruppert, S., Donahue, C, Moore, A., and Ashkenazi, A . 
Induction of apoptbsis by Apo-2 Ligand, a new member of the tumor necrosis 
factor cytokine family. J. Biol. Chem. 271, 12687-12690 (1996). 
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40. Marsters, S., Pitti, R, Donahue, C, Rupert, S., Bauer, K., and Ashkenazi, A . 
Activation of apoptosis by Apo-2 ligand is independent of FADD but blocked by 
CrmA. Curr. Biol. 6, 1669-1676 (1996). 

41. Marsters, S., Skubatch, M., Gray, C, and Ashkenazi, A . Herpesvirus entry 
mediator, a novel member of the tumor necrosis factor receptor family, activates 
the NF-kB and AP-1 transcription factors. J. Biol. Chem. 272, 14029-14032 
(1997). 

42. Sheridan, J., Marsters, S., Pitti, R., Gumey, A., Skubatch, M., Baldwin, D., 
Ramakrishnan, L., Gray, C, Baker, K., Wood, W.I., Goddard, A., Godowski, P., and 
Ashkenazi, A. Control of TRAIL-induced apoptosis by a family of signaling and 
decoy receptors. Science 277, 818-821 (1997). 

43. Marsters, S., Sheridan, J., Pitti, R, Gumey, A., Skubatch, M., Balswin, D., Huang, A., 
Yuan, J., Goddard, A., Godowski, P., and Ashkenazi, A. A novel receptor for 
Apo2L/TRAlL contains a truncated death domain. Curr. Biol. 7, 1003-1006 (1997). 

44. Marsters, A., Sheridan, J., Pitti, R, Brush, J., Goddard, A., and Ashkenazi. A. 
identification of a ligand for the death-domam-containing receptor Apo3. Curr.BioL 
8, 525-528 (1998). 

45. Rieger, J., Naumann, U., Glaser, T., Ashkenazi, A ., and Weller, M. Apo2 ligand: 
a novel weapon against malignant glioma? FEBS Lett. 427, 1 24- 1 28 (1 998). 

46. Pender, S., Fell, J., Chamow, S., Ashkenazi, A ., and MacDonald, T. A p55 TNF 
receptor immunoadhesin prevents T cell mediated intestinal injury by inhibiting 
matrix metalloproteinase production. /. Immunol. 160, 4098-4103 (1998). 

47. Pitti, R. j Marsters, S., Lawrence, D., Roy, Kischkel, F., M., Dowd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gumey, A., 
Hillan, K., Cohen, R., Goddard, A., Botstein, D., and Ashkenazi. A. Genomic 
amplification ..of a decoy receptor for Fas Ugand in lung and colon cancer. Nature 
396,699-703(1998). 

48. Mori, S., Marakami-Mori, K., Nakamura, S., Ashkenazi. A ., and Bonavida, B. 
Sensitization of AIDS Kaposi's sarcoma cells to Apo-2 ligand-induced apoptosis 
by actinomycin D. J Immunol. 162, 5616-5623 (1999). 

49. Gumey, A. Marsters, S., Huang, A., Pitti, R, Mark, M., Baldwin, D., Gray, A., 
Dowd, P., Brush, J., Heldens, S., Schow, P., Goddard, A., Wood, W., Baker, K., 
Godowski, P., and Ashkenazi. A. Identification of a new member of the tumor 
necrosis factor family and its receptor, a human ortholog of mouse GITR. Curr. 
Biol. 9, 215-218 (1999). 
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50. Ashkenazi, A ., Pai, R., Fong, s., Leung, S., Lawrence, D., Marsters, S., Blackie, 
C, Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Khoumenis, I., Lewis, D., 
Harris, L., Bussiere, J., Koeppen, H., Shahrokh, Z., and Schwall, R. Safety and 
anti-tumor activity of recombinant soluble Apo2 ligand /. Clin. Invest. 104, 155- 
162(1999). 

51. Chuntharapai, A., Gibbs, V., Lu, J., Ow, A., Marsters, S., Ashkenazi, A., De Vos, 
A., Kim, K J. Determination of residues involved in ligand binding and signal 
transmission in the human IFN-a receptor 2. J. Immunol. 163, 766-773 (1999). 

52. Johnsen, A.-C, Haux, J., Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi, A., and Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 1 1 , 664-672 
(1999). 

53. Roth, W., Isenmann, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 
Ashkenazi. A., arid Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRAIL. Biochem. Biophys. Res. Commun. 265, 479- 
483(1999). 

54. Hymowitz, S.G., Christinger, H.W., Fun, G., Ultsch, M., O'Connell, M., Kelley, 
R.F. , Ashkenazi, A. and de Vos, A.M. Triggering Cell Death: The Crystal 
Structure of Apo2L/TRAIL in a Complex with Death Receptor 5. Molec. Cell 4, 
563-571 (1999). 

55. Hymowitz. S.G.. O'Connel. M.P.. Utscn, M.H.. Hurst, A., Totpal. K.. Ashkenazi, 
A., de Vos, A.M., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2L/TRAIL. Biochemistry 39, 633- 
640 (2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M., 
Ashkenazi, A., and Steeg, P.S. Radiation and the Apo2L/TRAIL apoptotic 
pathway preferentially inhibit the colonization of premalignant human breast 
cancer cells overeXpressingcyclin Dl. Cancer Res. 60, 2611-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi. A. Apo2I/TRAIL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 61 1-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, IS., Wang, H., * Ashkenazi, A., and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol. 1,37-41 (2000). 
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59. Marsters, S. A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazi. A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologues BCMA and TACI. Curr. Biol. 10, 785-788 (2000). 

60. Kischkel, F.C., and Ashkenazi, A . Combining enhanced metabolic labeling with 
immunoblotting to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-512 (2000). 

61. Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 
Hillan, K, Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leung, S., Khan, L., Gliniak, B., Bussiere, J., Smith, C, Strom, S., Kelley, S., 
Fox, J., Thomas, D., and Ashkenazi. A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 

62. Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 
Koeppen, H., Ashkenazi, A ., and Kim, KJ. Isotype-dependent inhibition of 

. tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol. 
166,4891-4898(2001). 

63. Pollack, IF., Erff, M., and Ashkenazi, A . Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * Ashkenazi. A ., and *Grewal, IS. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001). 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Bleriis, J., Arnott, P., and Ashkenazi. A . Death receptor recruitment of 
endogenous caspase- 1 0 and apoptosis initiation in the absence of caspase-8. J. 
Biol. Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, D.A., Varfolomeev, E., Totpal, K., Morlan, J., Schow, P. , 
Fong, S., Schwall, R., Sinicropi, D., and Ashkenazi. A T umor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
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67. Miller, K., Meng, G., Liu, J., Hurst, A, Hsei, V., Wong, W-L., Ekert, R, 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G, Sliwkowski, 
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68. Varfolomeev, R, Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Erickson, S., French, D., Schow, P., Grewal, I. and Ashkenazi, A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1 . Ashkenazi, A., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. Lin, 263-272 (1988). 

2. Ashkenazi. A .. Peralta, E.^ Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol. Sci. Dec Supplement, 12-21 (1989). 

3. Ghamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J., Byrn, 
R., Capon, D., Ward, R., and Ashkenazi. A . CD4 immunoadhesins in anti-HIV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkenazi. A .. Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol 10, 
217-225(1993). 

5. Ashkenazi. A ., and Peralta, E. Muscarinic Receptors, m Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi. A . 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi. A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi. A., and ChamOw, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology8, 104-115 (1995). 

9. Chairiow, S., and Ashkenazi. A . Immunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10. Ashkenazi. A ., and Chamow. S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol. 9, 195-200 (1997). 

11. Ashkenazi. A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281,1305-1308(1998). 

12. Ashkenazi. A ., and Dixit. V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell. Biol. 11,255-260(1999). 
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13. Ashkenazi. A . Chapters on Apo2L/TRAIL; DR4, DR5, DcRl, DcR2; and DcR3. 
Online Cytokine Handbook (www.apnet.com/cvtokinereference/V 

14. Ashkenazi. A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlanc, H. and Ashkenazi. A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
and Differentiation 10, 66-75 (2003). 

16. Almasan, A. and Ashkenazi. A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi. A ., eds.. John Wiley and 
Sons Inc.) (1999). 

Talks: 

1 . Resistance of primary HTV isolates to CD4 is independent of CD4-gp 1 20 binding 
affinity. tJCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use Of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immuhoadhesins: an alternative to human antibodies. IBC conference on 
Antibody Engineering. San Diego, CA, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1994. 

7. Juterferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of Immunologists Conference. San 
Franciso, CA, July 1995. 

8. hnmunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

11. Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 

12. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1 996. 

13. Apo-3: anovel receptor that regulates cell death and inflammation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

14. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

16. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, CA., October 1997. 

18. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philadelphia, PA, February 1 998. 

19. Apo2 ligand and its receptors. American Society of hnmunologists. San 
Francisco, CA, April 1998. 

20. Death receptors ahd ligands. 7th International TNF Congress. Cape Cod, MA, 
May 1998. 

21. Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
CA, June 1998. 

22. Apb2L as a potential therapeutic for Cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23 . Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1999. 

26. ApOptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

31. Apoptosis arid cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

33. ApOptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAiL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA, June 2000. 

35. The Apo2L/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAIL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2L/TRAIL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. 

38. ApOptosis signaling and ariti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Minisymposium, NJH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001. 

41. Preclinical studies of Apo2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001. 
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42. Apoptosis signaling by Apo2L/TRAIL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001 . 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001 . 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, C A, Jun 2001. 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. Apoptosis signaling by death receptors. American Society of Nephrology 
Conference. San Francisco, CA, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

5 1 . Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apo2L/TRAlL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAIL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, ML April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second International Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 
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1. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

2. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

3. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 

4. Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 

5. Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

6. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

7. Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 

8. Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 

9. Ashkenazi, A. Fong, S., Goddard, A., Gurney, A., Napier, M, Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 

10. Ashkenazi, A. APO-3 Receptor. US patent 6,462,176 Bl (Oct 8, 2002). 

11. Ashkenazi, A. APO-2LI and APO-3 polypeptide antibodies. US patent 6,469,144 Bl 
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12. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
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DECLARATION OF AUDREY D. GODDARD. Ph.D UNDER 37 C.F.R. § 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 2023 1 

Sir: 

1, Audrey D. Goddard, PhD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 2001 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods Appl.. 4:357-362 (1995) (Exhibit C) and Heid et al, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al., Proc. 
Natl. Acad. Sci. USA 95(25): 14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(67 12);699-703 (1998) (Exhibit F) and Bieche et al.. Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al. have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al. studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al. used the assay to study gene amplification in breast cancer. 





Serial No.: * 
Filed:* 

7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown • 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. i declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 

Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 
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1993 - 1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 

University of Toronto 
Toronto, Ontario, Canada. 1989 
Department of Medical 
Biophysics. 

Honours B.Sc McMaster University, 

"The in vitro metabolism of the cytochrome P-448 Hamilton, Ontario, Canada. 1983 
inducer p-naphthoflavone in C57BL/6J mice." Department of Biochemistry 
Supervisor: Dr. G. D. Sweeney 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 1989-1992 

Medical Research Council Studentship 1983-1988 

NSERC Undergraduate Summer Research Award 1983 

Society of Chemical Industry Merit Award (Hons. Biochem.) 1983 

Dr. Harry Lyman Hooker Scholarship 1981-1983 

J.L.W. Gill Scholarship 1981-1982 

Business and Professional Women's Club Scholarship 1980-1981 

Wyerhauser Foundation Scholarship 1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hiilan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone 'insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 



' V 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates iipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19: 15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular En docrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp. 187-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 



Audrey D. Goddard, Ph.D page 8 of 9 



Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fbretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl 3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J arid Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477^180. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajanie'mi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL. (1989) 
Germline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Bio loav of The Eve: Genes, Vision and 
Oc ular Disease UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
J. Piatigorsky, T. Shinohara and P.S. Zelenka, Eds. Alan R. Liss, Inc., New York, 1988. pp. 
427-436. 

Goddard AD, Balakier H, Canton M, Dunn J, Squire J, Reyes E, Becker A, Phillips RA and 
Gallie BL. (1988) Infrequent genomic rearrangement and normal expression of the putative 
RB1 gene in retinoblastoma tumors. Mol. Cell. Biol. 8: 2082-2088. 

Squire J Dunn J, Goddard A, Hoffman T, Musarella M, Willard HF, Becker AJ, Gallie BL and 
Phillips RA (1986) Cloning of the esterase D gene: A polymorphic gene probe closely linked 
to the retinoblastoma locus on chromosome 13. Proc. Natl. Acad. Sci. USA 83: 6573-6577. 

Squire J, Goddard AD, Canton M, Becker A, Phillips RA and Gallie BL (1986) Tumour 
induction by the retinoblastoma mutation is independent of N-myc expression. Nature 322: 
555-557. 

Goddard AD Heddle JA, Gallie BL and Phillips RA. (1985) Radiation sensitivity of fibroblasts 
of bilateral retinoblastoma patients as determined by micronucleus induction in vitro. Mutation 
Research 152: 31-38. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires die addition of ethidium bromide 
(EtBr) to a PCR. Since the fluorescence of 
EtBr increases in the presence of double- 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefi ts of PCR 1 to clin- 
ical diagnostics arc wellkudwn. 2,s .it is still not 
widely used in this setting, even though it is 
four years tiusx thermostable DNA polymer- 
ase** made PCR practical. Some of the reasons for its slow, 
acceptance are high cost, tack of automation of pre-? and 
post-PCR processing steps, and false positive results, from 
carryover -contamination. The first two points are related 
in that labor is th« largest contributor to cost ait the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once tberruocy. 
ding is done in order to determine whether the target 
DMA sequence was present and has amplified. The*e 
include DNA hybridiwtion 9 *, gel eJecrropbore*is with or 
without use of restriction digestion 7 ;*, HPLCr, or capillary 
^.lectTopho^:sw ,0 . These methods are labor-intense, have, 
low throughput, and arc difficult to automate. The third 
point is ako closely related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that arnplified DNA will 
spread through the typing lab, resulting in -a risk of 



"carryover" false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays in. which such different processes take 
place without, the need to separate reaction components 
have been termed "homogeneous" . No truly homogc-. 
rieous PCR assay has been demonstrated to date, although 
progress towards this end has been reported.- Chehab, et 
aL™, developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allclc-specific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result- Recently, Holland, et al. ls , developed an assay in 
Which the endogenous 5' -exonudease assay of Toq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only desve if PCR amplifi- 
cation had produced its complementary sequence. In 
order to detect the cleavage products, however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon the greatiy in- 
creased fluorescence that ethidium broinide and other 
DNA binding dyes exhibit when they are bound to.ds- 
DNA l,, ^ ,e . As outlined in Figure 1, a prototyptc PCR 
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1 Wnciplc of simultaneous amplification and delect ion of 
PCR product. The components of a PCR containmg EtBr that are 
fluorescent are hsted— EtBr itself, EtBr bound to other ssDN A or 
dsDN A. There is * lar^c fhioresccncc enhancement when EtBr is 
bound to DNA arid bmdiriir is greatly enhanced when DNA is 
double-stratndcd. After sufiicicnt. (n). cydcs of PGR. the.net 
incrcate in dsDNA results in addhiorral EtBr binding, and s net 
increase in total fluorcsccncE. 
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2 Ge! electrophoresis of PCR amplification predicts of the 
human, mtdcar gene, HLA DQo, made in the presence of 
increasing amounts of EtBr (up to 6* ng/cal). The presence of 
EtJJr lias no obvious effect on the yield or specificity of" amplifi- 
cation. 




B. 




HGSDE 3 (A) fluorescence measurement.* -from FCRs that contain 
0.5 u.g/m! EtBr and that are specific for Y-ehroihOjoinc repeat 
sequences. Five replicate PCRs were begun containing each of the 
DNA* specified. At each indicated cyde, one of the five replicate 
PCRs for each DNA -was removed from thermocyding and H* 
fluorescence measured. Units of fluorescence are arbitrary. (B) 
UV photography of PCR tubes (0.5 ml Eppcndorf-itylc, polypro- 
pylene micro-cemrifuRc. tubes) containing reactions, those start* 
ing from 2 ng male DNA and control reactions without any DNA, 
from (A). 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase! An' amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, front single-cell amounts of DNA ir to 
micrograms per PCR- 8 . If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of tbe DNA 
doubic-hciu,). After the first denaturation cyde, target 
DNA will be largely single-stranded. After a PCR is 
completed, die most significant change is the increase in 
the amount of dsDNA (tbe PCR product itself) of up .to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA, resulting in an increase in fluqres- 
cencc- There is also some decrease in the amount of 
ssDNA primer, but because tbe binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification, vessel 
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before and after, or even continuously during, thennocy 
ding. * ' 

RESULTS 

PCR in fiie presence of EtBr. In order to' assess the 
affect of EtBr in PGR, amplifications of the human ElJ^ 
DQct gene >5> were performed with the dye present at 
concentrations from 0.06 to 8.0 M-g/rnl (a typical concen- 
tration of EtBr used in staining of nucleic acids follovdng 
get electrophoresis is 0.5 u.g/ml). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in theyieid 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR. 

DeteettoB of human Y-cfarozncaoiiro specific 
cjDoreces- Sequence-specific, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a scries of 
amplication* containing 0.5 ug/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromcwomc* 0 . These PCRs initially contained cither 
60 ng male. 60 ng female, 2 ng roalc human or do DNA. 
Five replicate PCRs were begun for each DNA. After 0, 
17, 21, 24 and 29 cydes of thenudcyding, a PCR for each 
DNA was removed from the thermocyder, and its. fluo- 
rescence measured in a sp^xtroflnorometer and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number: 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. Tbe more male DNA 
present to begin with — 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis cm the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male. DNA containing 
reactions and that little DN A synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transuhiminator and photographing them through a red' 
filter. This is shown in figure SB lor the reactions that 
began whh 2 ng mate DNA and those with no DNA. 

Detection of specifie alleles of tbe human B-globui 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a dttcction 
of the' Sickle-cell anemia mutation was performed. Figure 
4 shows the fluorescence from completed amplifications 

containing EtBr (0.5 jig/ml) a* detected by photography 

of the reaction tubes on a UV transilluminator. These 
reactions were performed using- primers specific for ci- 
ther the wild-type or sickle-cell mutation of the human 
fi^lobin gene . The specificity for each allele is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus am- 
plification — can take place only if the 3' nucleotide of the 
primer is complementary to the B-giobin aDdc present* • 
Each pair of amplifications shown in Figure 4 consists of 
a reaction with either the wild-type allele specific (left 
tube) or skkle-allele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wiid-typc B-globin individual (AA); from a heterozygous 
sickle fJ-g}<pbin individual (AS); and from a homozygous 
sickle B-globin individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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of reactions each). The DNA type was reflected in the 
^dative fluorescence intensities in each pair of completed 
amplification*;. There was a significant increase in fluores- 
K /ce only where a p-globin allele DNA matched the 
primer set. When measured on a spcctroftaoronietcr 
UgtTi not shown), this fluorescence was about three times 
[jut present in a PCR where both p-globm alkies were 
fliL'ioatcSed to the primer set- Gel cfcaxophoresis (not 
d^own) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
foment of the expected size for 0-globin. There was 
litdc synthesis of dsDNA in reactions in . which the allele- 
specific primer was mismatched to both alleles. 

Continuous spooitoriog of a PCR. Using » fiber optic 
device!' it is possible to direct excitation illumination from 
? spectrofluorometer to a PCR undergoing thcrmocycung 
and to rearm its fluorescence to the KpcetrofluorornetCT. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification or Y-chromo- 
somc specific sequences from 25 rig of human male DNA, 
is shown in Figure 5. The readout from a control PCR 
w jih no target DNA is also shown. 1111117 cycles of PCR 
w erc monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and fails inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (&4°C) and maximum at die anneaUng/exlension 
temperature (50°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
csmtly over the thirty tbcrmocydes, indicating that there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there is little if any Meshing of EtBr during 
the continuous illumination of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of thennocyding, and 
continue to increase whh rime, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturation temperature do not 
significantly increase, presumably because al this temper- 
ature there is no dsDNA for EtBr to bind- Thus the course 
of the amplification is followed by tracking the fluorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
qvcnce-Rpedfic probe can enhance tlie specificity of DNA 
dctcvuvu b> PGR. The climionoon of thcac processes 
means that the specificity of this homogeneous assay 
depends solely on that of PCR. In the case of sickle-cell 
dhcasc, we have shown that PGR alone has sufficient DNA 
sequence apecifidty to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
spedfic production of dsDNA in the absence of the 
appropriate target allele. 

The spedfidty required to detect padiogens can be 
more or less than that required' to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host ceils 6 . Compared with genetic 
screening, which is performed on cells containing at least 
one copy of the target sequence, HIV detection requires 
both more specificity and the inpnt of more loral 



E46638 



P:4'6 



Homozygous 



Heterozygous 

AS 



Homozygous 

ss 



(fCSgBS 4 UV photography of PCR tubes containing amptHjcatioiu 
using EtBr ih« are specific to wiM-type (A) or lieWe (5) slides of 
the human 0-globin gene. The left of each pair of tubes contains 
aBck-spcafie primer* to the wild-type alleles, the right lube 
printers to the sicWe aflek. The photograph vras talen after SO 
cycles of PCR, and the input DNAs and the alleles ihey contain 
are indicated, Fifty tog of DNA was used to begin PGR. Typing 
was done in triplicate (3 pairs of PCR;) for each input DNA 
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RWBS S Continuous, rcaUime monitoring of a PCR. A fiber optic 
was used to carry excitation light to a FfclR m progress and also 
emitted light back to a flooro meter (see Experimental Ptotocot). 
Amplification il-iiag human nude-DNA specific primer* in a PCR 
starting with 20 ng of human male DNA (top), or in a control 
PCR without DNA (bottom), were, monitored. Thirty cydes of 
PCR were followed for each. The' temperature cycled between 
&4°C (dtnaturation) and 5CC (annealing and extension). Note in 
the male DNA PCR,. the cycle (time) dependent increase in 
fluorescence at the aoneaEKg/extens'wm temperature. 
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DNA— up to microgram amounts — ia order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA in an amplification signiticimdy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in low 
copy-number is the formation of the "primer-dimer" j 
artifact. This is the result of the extension of one primer ] 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dimer product w of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr amplification, we are investigating a num- 
ber of approaches, 'including the use of nested-primer 
amplification* diat take place in a single tube*, and the 
"hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins". Preliminary results using these ap- 
proaches suggest that primcr-dimer is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* ceils. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this back ground, it may 
be possible to use sequence -specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to . 
the oligonucleotide primer*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PGR is completed and continuously during 
thermocycling. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this- assay. The fluorescence analysis 
of completed PCRs is alrcadypossiblc with existing instru- 
mentation in 96-weJl format*^. In this format, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points during thermocyciing by moving 
the rack of PCRs to a 96-rnierowcll plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberopdes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number- Figure 5 shows chat 
the larger the amount of starting target DNA, the sooner 
during PflR a fluorescence increase is detected. Prelimi- 
nary experiments {Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring' have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as' it can be in generic screening-rcontinuoiis 
monitoring may provide a means of detecting false posi- 
tive and false negative result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after, that 
cycle would indicate potential artifacts. False negative 
results due to, for example, , inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying markcT. This marker Tcsults in a 
fluorescence increase onJy after a large number of cy- 
cles — many more' than are necessary » detect a true 
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positive. If a sample fails to have a fluorescence increase 
after this many. cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obtained "using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR, 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hamnm HLA-S>Qct gent amplifications containing Etffe. 
PCRs were set up in 1 CO |*i volumes coniaining 1 0 mM Tris-'HCl, 
pH 8.3; 50 mM KCI; 4 mM MgC^: 2.5 units of ton DNA 
polymerase (Pexkm-EJmcr Genu, Norwalk. CT); SO oriole cacti 
of human HLA-DQa ' gene specific oligonucleotide primers 
(>H26 and CH27 19 and approximately 1<T copies of DQfr PCR 
product diluted from a predous reaction. Ethidium bromide 
(EtBr; Sigtn.^) was used at the concentrations indicated id figure 
2. Thcrmocyding proceeded for 20 cycles in a model 4*0 
thcrmccydcr (PerlA-Elmer Ccub, Norwalk, CT) using a "step- 
cycle" program of 94 °C for 1 mm. denaturation and 60T. for 30 
sec anncaSng and 72"C for 30 sec. extension, 

Y-dbroEstreomc specific PCR. PCRs (100 (d total reaction 
volume) containing 0J> jifiAnl EtBr were prepared as described 
for HLA-DQa, except with different primer! and target DNAs. 
These PCRs contained 1 5 pmok each male DNA-spcctfic primers 
Y I . ) and V i.2*°, and either 60 ng male, 60 eg female, 2 ng male, 
or oo human DNA. Thermocycling wasM'CTor 1 min. and oO'C 
for I min using a "rtcp-cyde* program. The number of cycles fcr 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. 

Allele -specific, human p-gic&in groe PGR. Amplifications of 
100 fJ vrfome using 0 5 >i^/inl of EtBr were prepared a» 
described for HLA-DQa above accept with diffcreni primers 2nd 
target DNAs. These PCRs contained either, primer pair HOPS/ 
H0 HA (wBd-type giobiri specific primers) or HGP2/HPMS (ski- 
le-trlobin specific primers) at 10 pmole e5«ch primer per PCR. 
These primers were developed by Wu ct aL 21 . Three different 
target DNAs were used to separate amplifications— 60 ng each of 
human DNA that was homozygous for the sieklc (rait (SS). DNA 
that was heterozygous for the sickle trah (AS), or DNA that was 
homozygous for the W.t- gjobin (AA). Thermocyclmg was for 30 
cycles at 94"C for I min. and 55"C for 1 min. usurg a "stcp-cycte" 
program. An annealing temperature of S5°C bail been shown by 
Wu el al, 21 10 provide, allclc-spcdfic amplification. Completed 
PCRs were photographed through a red filter (Wratten '23 A) 
after pladhg the reaction lubes awn a model TM-S6 transiHur/tt- 
nator (OV-products San- Gabriel, CA). 

Fht ores<e> tcg measurement Fluorescence measurements were 
made oh PCRs containing EtBr in a Fluorolog-2 fluorometcr 
(SPEX. Edison, NJ)- Excitation was at the 500 nra band with 
about 2 nm bandwidth with a CO 4SS nm cutoff filter VMellcs 
Crist, Inc.. Irvine. CA) to exclude second-order light. Emitted 
light was detected at 570 nm with a battdwidd) of about 7 nm. An 
OG 530 nm cut-off filter was used to remove the excitation HgjiU 
CantfottouA fluorescence monitoring of- PCR. Continuous 
monitoring of a PCR in progress was accomplished using the 
spectrofluorometer and serdnss described above as well as a 
fiberoptic accessory (SPEX cat. no. 1950) 10 both send exalation 
light to. and receive emitted light from, a PCR placed in a well oJ 
a model -t80 mwmocydcr (Pcrkin-Elmer Celus). The probe end 
of the fiberoptic cable was attached with "5 wrnutc-cpoxy" to the 
open top of a PCR tube (a 0.5 ml polvpropjtoic centrifuge tube 
with its cap removed) teffectively scaling ic The exposed 'tor i crt 
the PCR tube and the end of the fiberoptic caWc were sliicWed 
from room light and the room lights were kept dimmed during 
■ each run. The monitored PCR was an ampttficauon of Y-djic- 
mosomc-spedfk repeat sequences as described above, except 
using. an anncaHng/extension letnperauirc of 50°C. The reacccn 
was covered with mineral oil (2 drops) to prevent evaporation- 
Tbcrtrjocyding and- fiuorcsccncc measurement were started si- 
multaneously. A time-basc-scan with a 10 second inlegratiotf tunc 
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km used and the emission signal was raliocd to tbr excitation 
sigo.i) to control for changes in li^ht-sourcc intensity. Data were 
fleeted using the drnSOflOf, version 2.5 (SPEX) data system. 

Wt «hAn.fc Bob Jones for help with the spectrofluormctric 
mtyuiircmisi its and Hcathernell Fong for editing this manuscript. 
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Shock and Seosi 




The CD-14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopotysaccharide 
(LPS) complexed to LPS-Sinding-Protein (LBP). The 
concentration of its soluble form is altered under 
certain pathological conditions. There is evidence for 
an important rote of sCD-14.with polytrauma, sepsis, 
burnings and inflammations, 
During septic conditions and acute infections il seems 
to be a prognostic marker and is therefore of value in 
rnonftoring these patients. 



1BL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supematants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/rm 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 
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Wc nave enhanced tBie polymerase dhaim 
jeactioim (PCR) such ttfoat specific ©NA 
sequences cam fee detected wMxmnt open- 
ing tbe reaction- frtsbe. Tnis embancewaeM 
reqnires tine addition off eflMdiBM- bromide 
(EtBr) to a PCS- Since &e Shioreseence off 
EtBir Increases' ra tf&e presence of donble- 
stranded (ds) DNA am Macrease in flkaoreS" 
cence in sweh a PCS. indicates a positive 
.cations, wbicb. cam be easily momi' 



ami 




tored externally. In feet, amplification cam 
be comtiiiwomisly monitored in order to 
follow its progress. Hie ability to sipnalta- 
neoesly ampMy specific DNA sciences 
and detect the prodnct off ■Sloe ampMfficat&oia 
bottfo simplifies and improves JPCR and 
may facilitate its atttouaatti©jia and. TOtoms 
widespread wse in tbe- clinic or in otber 
sitisa«soBS requiring big^a sample t&uroiagb- 



Ithough tbe potential benefits of FCR' to clin- 
ical diagnostics arc well kuown, s,s , it i* still not 
widely used in this setting, even though it is 

_ r _ four yeans eiuco thcrmortable D^fA poiymat. 

ase»* made PCR practical. Some of the rfcasbns fDT its slow 
Hoceptante are high cost, lack of automation of pre^ and 
post- PCR processing steps, and false positive results, from 
carryover -contaminadon. The first two points arc related 
in that labor is the largest contributor to cost it the present 
stage of PCR development. Most current assays require 
some forro of "downstream" processing once thermocy 
cling is done in order to determine whether the target 
DNA sequence was- present and has amplified. These 
include DNA hybridisation 3 -*, gel ekctrophoresis with or 
without use of restriction digestion 7,8 , HPLCr, or capillary 
electrophoresis 10 . These methods art labor-intense, have 
low throughput, and arc difficult to automate- The third 
point is ako closcry related to downstream processing. 
The handling of the PCX. product in these downstream 
processes increases the chances that amplified DNA .yrill 
spread through the typing lab, resulting in a risk of 




carryover™ false positives in subsequent testing". 
These downstream processing steps would be elimi- 
nated if specific- amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays in whkh such different processes take 
)lace vritboirt.the need to separate reaction components 
javc been termed '^homogeneous''. No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towtrds this end has been reported. Chehab, « 
al. 1 * developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allde-specific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et al. ls , developed an assay in 
which the endogenous 5' ejeonudease assay of Toq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR arnpfift- 
cation had produced its complementary sequence. In 
order to detect the cleavage products, however, a subse- 
quent process is agam needed. . 

"We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon tbe gready in- 
creased fluorescence that ethidrara bromide and other 
DNA binding dyes exhibit when they are bound to.ds- 
DNA ,4 ^ ,e . As outlined in Figure 1, a proiotypk PCR 
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JiiOM A coraaiatng 
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«DNA primec* 




imiiJy aDNA 



ibDNAfCRfTOilja 
(up is mud (Ig) 

I •Principle of simultaneous amplification and- detection of . 

PCR product The components of a PCR containing EtBr that ai 
fluorescent are Ksted-itBr itself, EtBr bound to other ssDNA i 
daDNA. There L<i a large fiiwrcscencc enhancement when EtBr is 
bound to DNA and bmdiriff is greatly enhanced when DNA .is 
double-stTaridcd. After sufficient <n)..cydcs of PGR, the .net 
Increase in dsDNA results in additional EtBr binding, and 8 net 
increase in total fluorescence: 
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2 Ge! electrophoresis of PCR am plificarion products of ihc 
human, hudcar gene, HLA DQa, made in the presence of 
increasing amount* of EtBr (up to 8 fig/tnl). The presence of 
EtBr i«» no obvious effect on the yield or specificity of amplifi- 
cation. 





8 (A) Fluorescence measurements from PCRs that contain 
0.5 pg/ml EtBr and that arc specific for Y-chrotnosoins repeat 
sequences. Five replicate PCRs were begun containing each of the 
DNAs specified. At each indicated cyde, One of the five replicate 
PCRs for each DNA was removed from thennocyding and Hs 
fluorescence measured. Unite of fluorescence art arbitrary. (B) 
UV photography of PCRtubs* (0.5 ml Eppcndorf-itylc, polypro- 
pylene microcentrifuge :tubc«) containing reactions, those start- 
rag from 2 ng male DNA and control reactions without any DNA, 
from (A). ' 



begins with primers that are tingle-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase! An' amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA ,T to 
micrograms per PCR^ 8 . If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the singk-ctranded 
DNA primers and to the double-stranded target DNA (by- 
its intercalation between the stacked bases of the DNA 
double-hob*). After the first denatu ration cyde, target 
DNA will be largely single-stranded. After a PCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PCR- product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA. resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification, vessel 
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before and after, or even continuously during, chettnocy 
ding ' ' 

RESULTS 

PCR in the presence of EtBr. In order to' assess the 
affect of EtBr in PCR, amplifications of the human HLA 
DQct gene" were performed with the dye present at 
concentrations from 0.06 to 8.0 u.g/ml (a typical concert- 
tration of EtBr used in staining of nucleic acids following 
get electrophoresis is 0.5 ug/mf). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat, 
'ng that EtBr does not inhibit PCR. 

Detection of human Y-dtromosonK! specific se- 
quences. Sequence-specific, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a series of 
amplifications containing 0.5 ng/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc* 0 . These PCRs initially contained cither 
60 ng male. 60 ng female, 2 ng roak human or do DNA. 
Five replicate PCRs were begun for each DNA. After 0, 
17, 21 , 24 and 29 cycles of therniocyding, a PCR for each 
DNA was removed from the thermoeyder, and its. fluo- 
rescence measured in a spccTroSriorometer and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve TcBccts the fact that by the time an increase in 
fluorescence can bt detected, the increase in DNA is 
becoming linear and not exponential with cyde number: 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with — 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gd electrophoresis on the products of these 
amplifications showed that DNA fragments of the ex- 
pected sue were made in the male DNA containing 
reactions and that Utile DNA synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on s UV 
transilfuminator and photographing them through a red' 
filter. This is shown in figure SB lor the reactions that 
began with 2 ng male DNA and those with no DNA. 

Detection of specific alleles of the human B-globuj 
geroe. In order to demonstrate that this approach has 
adequate spedfidty to allow genetic screening, a detection 
of the skWc-ccU anemia mutation was performed. Figure 
4 shows the fluorescence from completed amplification* 

containing £tBr (0.5 jig/ml) a* detected by photography 

of the reaction cubes on a UV transuluminator. These 
reactions were performed using primers specific for ci- 
ther the wild-type or sickle-cell mutation of the human 
P-globin gene". The specificity for each allele is imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus am- 
plifkatioh— can take place only if the 3' nucleotide of the 
primer i$ complementary to the B-giobin allele present" • S2 - 
Each pair Of* amplifications shown in Figure 4 consists of 
a reaction with either the wild-type alkie spedfie (left 
tube) or stckle-allele specific (right lube) primers. Three 
different DNAs. were typed: DNA from a homozygous, 
wild-type B-globin individual (AA); from a heterozygous 
sickle B-giobin individual (AS); and from a homozygous 
sickle pVgiobm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed in triplicate (3 pairs 
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f reactions each). The DMA .type was reflected in the ' 
JLjutive fluorescence intensities in each pair of completed 
^pjjfications. There was a significant increase in Suorea- 
* jvoe only where a |J-globin allele DNA matched the 
nrinicr * et - When measured on a spcctrofhioronictcr 
{data not shown), this fluorescence was about three times 
j^tt present in a PCR where both p-globm alkies were 
wibitiatched t.o the primer set. Get cicctrophotesj* (not 
shown) established that this increase iri fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p-globin. There was 
litdc synthesis of dsDNA in reactions in . which the allele- 
,pcdnc primer was mismatched to both alleles. 

Continuous monitoring of a PGR. Using a fiber optic 
device!" h »* possible to direct excitation illuminaiion from 
spectrofluorometer to a PCR undergoing thcrmocycling 
and to return its fluorescence to the spectrofluoronoeteT. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification of Y-chromo- 
sotnc specifle sequences from 25 ng of human male DNA, 
is shown in Figure 5. The readout from a control PCR 
^iih no target DNA is also shown. Thirty cycles of PCR 
v erc monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thertnocyding. Fluorescence inten- 
sity rises and fails inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (&4°C) and maximum at the annealin ^extension 
temperature (50X). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbennocydes, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr during 
the continuous illumination of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of thcrroocyeung, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturation temperature do not 
significantly increase, presumably because at this temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluc-rcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
qucnce-*pedfic probe can enhance die specifidty of DMA 
decet-iiuu by FCR. The cHmuwtwri of thcae processes 
means that' the specificity of this homogeneous assay 
depends solely on that of PCR. In the case of sickle-celi 
disease, we have shown that PCR alone has sufficient DNA 
sequence apedfidty to permit genetic scr«ning. Using 
appropriate amplification conditions, there is little non- 
spcrinc production of dsDNA in the absence of the 
appropriate target allele. 

The spedfidty required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with die 
sample. A difficult target is HIV, which Tcquh-cs detection 
of a viral genome that can be at the level of a few copies 
per thousands, of host cells*. Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of the target sequence, HIV Election requires 
both more specrfidty and the input of more (oral 



£46638 



P:4'6 



m 



Homozygous 



Heterozygous 

AS 



Homozygous 

ss 



(EWBK k UV photography of PCR tubes containing amptWcMroas 
isinz EtBr that are specific to wild-type (A) or »icW« (5) alleles of 
the human 0-globin gene. The te» of each pair of tubes contains 
allcle-spednc primers to the wild-type alleles, the right lube 
primers to the sicWe aflek- The photograph vas tafcen after 50 
cycles of PCR, nod the input DNAs arid the alleles they contain 
are indicated. Fifty »g of DNA was used to begin PGR. Typing 
was done in triplicate (3 paitt of PCKs) for each input DNA: 
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0 20O0 4G0O 6000 8000 
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Kt®£2 S Continuous, real-time monitoring of a PCR. A fiber optic 
was used to carry excitation light to a PCR m progressand aim 
emitted Ught baA to a flooromctcr (see Fxpenmcntal fXXocol). 
AmpliSraOon usiog human male-DNA specific onnicn in a PCR 
Starting with 20 ng of human male DNA (top), or in a control 
PCR without DNA (bottom), were, monitored. Thirty cydes of 
PCR were followed for each. The temperature cycled between 
94°C (detttturatioa) and 50*C (annealing and extension). Note in 
the male DNA PCR, . the cycle (rime) dependent increase in 
fluorescence at the annealing/extension temperature. 
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DNA— up to microgram amounts—- ia order to have suf- 
ficient nvunbcis of target sequences. This large amount of 
starting DNA m an amplification sigDitjcanUy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occur; with targets in low 
copy-number h the formation of the "primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a, template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dimer prod u a is of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimer amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications diat take place in a single tube*, arid the 
"hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins**. Preliminary results using these ap- 
proaches suggest tbatpriincr-dinjCT is effectively reduced 
and it is possible to aetect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10 s celts. With larger numbers of" cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to . 
the oligonucleotide primer 3 ' 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PGR is straightforward, 
both once PGR is completed and continucmsDy during 
(hermocycling. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this- assay. The Huorescence analysis 
of completed PCRs is alrcadypossiblc with existing instru- 
mentation in 96-welI format**. In diis format, the fluores- 
cence in each PCR can be qvantitated before, after, and 
even at selected points durmg therroocyciirje by moving 
the rack of PCRs to a 96-microwcll plate Huorescence 
reader 2 *. . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows chat 
the larger the amount of starting target DNA, the sooner 
rlnring J>CR a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as' it can be in genetic screening-rcontinvjous 
monitoring may provide a means pf detecting false posi- 
tive and false negative result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker Tcsults in a 
fluorescence increase only after a large number of cy- 
cles — many more ' than are necessary CO detect a true 
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positive. If a sample fails to have a Huorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
b this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obcained'using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCB. 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

H<amnm MLA-SQn gene amplifications containing EtBi. 
PCRs were set up in 100 fjJ volumes containing 10 mM Tris-'HCl, 
pH 8.3; SO mM KC1; 4 mM MgC^: 3-5 units of tac DNA 
polymerase (Ferkm-Ehncr Ccius, Norwalk, CT); 20 prriole each 
of human HLA-DQo ' gene specific oligonucleotide primers 
(JH26 and CH27 19 and approximately 1<P copies of DQa PCR 
product diluted from a previous reaction. Ethidium bromide 
(Ei Br; Sigfns) was used at the concentrations indicated ia Figure 
2. Thermocyding proceeded for 20 cycles in a model 4*0 
thcrmocydcr (Perltin-Bmer Ccnra, Norwalk, CT) using a "step- 
cycle" program of 94*C for 1 mm. denaturation and 6CrC for 30 
sec anroaumg and 72°C for 30 sec. extenstorj. 

Y-chroEsosraic specific PCS- PCRs (100 jd total reaction 
volume) contHining 0-5 mAb) EtBr were prepared as described 
for HLA-DQa, except with different primers and target DNAs. 
These PCRs contained 1 5 prnoh: each male DNA-8 pcetfjc primes 
YI. 1 and V 1.2 s0 , and cither 60 ng nralc, 60 Ufi female, 2 ng male, 
or no human DNA. Thcrmocyding was £H°C for 1 nun. and 60SC 
for 1 min using a "step-cycle* program. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. 

Allck-apecific, boman p-gtoMn jcoa PCR. Amplifications of 
100 p.1 volume' using 0 5 tigAnl of itBr were prepared as 
described far HLA-DQ& above except with diSerent primers and 
target DNAs. These PCRs contained either, primer pair HGPt/ 
H0MA <wBd-tYPe globin spedfic primers) or HGF2/HPMS 
le-globin specific primers) at 10 pmcJe each primer per PCR. 
These primers were developed by Wo ct aL 21 . Three different 
target DNA* w«t* used is separate amplifications — 50 ng each of 
human DNA that was homozygous for the sickle trait (SS), DNA 
that was heterozygous for the skkle wait (AS), or DNA that was 
homozygous for the w.t- globin (AA). Thcrmocyclmg was for 30 
cycles at 94"C for I min. and 55"C Cor 1 min. itsuvg a ''step-cyd*" 

Program. An annealing temperature of 55°C bad necn shown tiy 
/a et al.* 1 10 provide allde-spetific amplification. Completed 
PCRs were photographed through a red filter (Wra««t_23A) 
after placing the reaction tubes amp a model TM-36 transfflufM- 
nator (UV-products San Gabricl, CA). 

Fluorescence measurement. FluorwceiKX measurements were 
made oh PCRs containing EtBr in a Fluorolog-2 fluoromettr 
(SFEX. Edisctn, NJ). Excitation was at the 500 nra band with 
nhour 2 nm bandwidth with a GO 4SS nm cut-off filter jMelles 
Crist. Inc.. Irvine. CA) to exclude second-order light. Emitted 
light was detected at 570 nm with a bandwidth of about 7 nm. An 
OG 530 nm cut-off filler Was used to remove the occhauon right 
ContitHKHsn rrnoresceroce monitoring of PCR, Conrinuous 
monitoring of a PCR in progress was accomplished using oic 
specttofluorometer and settings described Above as well as a 
fiberoptic accessory (SPJE.X cat. no. 1950) to both send excitation 
light to, and receive emitted light from, a PCR placed in a well « 
a model 480 thermocyclcr (Pcrk'm-FJmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 nwn.utc-cpoxy" to the 
open top of a PCR tube (a 0.5 ml polypropylene centrifuge WK 
with its cap removed) effectively Healing h. The cxposedtoP <» 
the PCR tube and the end of the fiberoptic cabfe were shielded 
from room light and the room lights were kept dimmed durmg 
each run. The monitored PCR was an amplification of y.cb«>- 
mos6mc-6pedfk repeat sequences as described above, except 
using an anneahng/extensiorl temperature of50°C. ThcreaCOOa 
was covered with unirWrtl oil (2 drops) to prevent cvapdranoij- 
ThcrnjocycEng and' fluorescence measurement were stalled si- 
multaneously. A time-basc-sean with a 10 second integration' cone 
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w m used and ihc emission sigrra] was ratioed to' the. excitation 
nigrtJil V> control for chaoRW in )i^ht-»ourcc intensity, P^ta were 
fleeted using the droSWOf, version S.5 (SPEX) data system. 

Wc ihAnlt Bob Jones for help with the spectrofluormcxric 
(jwyuiireinirntsand Hcalhci-bcHFongfor editing this manuscript. 
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The CD- 14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD -14 is a receptor for lipopotysaccharide 
(LPS) complexed to LPS-Bincjing-Protein (LBP). The 
concentration of Jts soluble form is aftered under 
certain patltological conditions. There is evidence for 
an important role of sCD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections il seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 





1BL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -piasma, cell-culture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoaied with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/mi 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



For more inf ormatton call or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Deetz 

Perkjn-Elmer, Applied Biosystems Division, Foster City, California 94404 



The 5' nucleate PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenk probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' -»3' nucle- 
olytlc activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 '-end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
cnd nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3'-end nucleotide also exhibited 
an Increase in reporter fluorescence 
intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



«A homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genk probe was described by Lee et al. (l) 
The assay exploits the 5'-»3' nucle- 
olytic activity of Taq DNA poly- 
merase (2,3) and Is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched If the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET). (4 S) During PCR, if the probe is hy- 
bridized to a template strand. Tag DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -» 3' nucleolytlc 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated, Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay, 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. (6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeled phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' end. Following de- 
piotection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 2S0 



«:3S7-362®1995 by Cold Spring Harbor Laboratory Press ISSN 10S4-9803/9S $5.00 
PAGE 2/7.' RCVD AT 10/24/2005 5:55:20 PM [Pacific Daylight Tlmel " SVR:SVCS01/0 " DNIS:6034 " CSID:(613) 991-! 



PCR Methods and Applications 3S7 

•5695 * DURATION (mm-SS):05-46 



From (613) 991-5695 Order^^>811209DP04816741 Mon 24 Oct 2005 08^^35 PM EDT Page 3 of 7 



Researchllll 




Polymerization 



Forward 
Primer 



Probe 



pa- 



Strand displacement 



5', 

3'- 



® 



Reverse 
Primer 



-5' 

-3' 
■5' 



Cleavage 



5"i 

3'- 



Ip3' 



Polymerization completed 



, P 3' 



5'. 

3'- 



-3' 
•5' 



FIGURE 1 Diagram of S' nuclease assay. Stepwise representation of the 5' - 3' nucleorytic ac- 
S of Taq DWl^olymeiase acting on a fluorogenic probe during one extensron phase of PGR. 



mM Na-bicaibonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
peiformance liquid chromatography 
(HPLC) using an Aquapore C„ 220x4.6- 
mm column with 7-jun particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the LAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-jU reactions that con- 
tained 10 mM Tris-HCl (pH 8.3), 50 mv* 
KC1 200 u-M dATP, 200 u.m dCTP, 200 p,M 
dGTP, 400 p-M dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Peikin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajima-ll|ima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. (8> Actin am- 
plification reactions contained 4 mM 
MgCl 2 , 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was 50°C 
(2 min), 95X (10 min), 40 cycles of 95°C 
(20 sec), 60°C (1 min), and hold at 72"C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgClj, 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (1 min), and 
hold at 72°C. 



Fluorescence Detection 

For each amplification reaction, a 40-yJ 
aliquot of a sample was transferred to an 
individual well of a white, 96-well micro- 
liter plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a S15-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm forTAMRA (the quencher or 
Q. value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the Taw emission data. 
First, emission intensity of a buffer blank 
Is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 Sequences of Oligonucleotides 



Name 



Type 



Sequence 



F119 
RU9 
P2 
P2C 
PS 
P5C 
AFP 
ARP 
Al 
A1C 
A3 
A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
probe 

complement 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTCTGC 

TCGCATTAC1 GATCGT1 GCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATC 

CGGA'ITTGCTGGTATCTATGACAAGGATp 
TTCATCCTTGTGATAGATACCAGCAAATCCG 

TCACCCACACTGTG CCCATCTACGA 
CAGCGGAACCGCTCATTGCCAATGG 
ATGCCCTCCCCCATGCCATCCTGCGTp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCTGGACTTCGAGCAAGAGATp 
CCATCfCTTGCTCGAAGTCCAGGGCGAC 



For each oligonucleotide used in this Study, the nucleic acid sequence U given, written* .the 
5™J 3' direction. There are three types of oligonucleotides: PCR pnmer, fluorogenic ^probeu sed 
n the S- nuclease assay, and complement used to X^X'SSS^SS^^S- 
probes, the underlined base Indicates a position where LAN with TAMRA attached was su 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 RaQgccctcccccatgccatcctccgt^p 

A1-7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1-14 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1-19 RatgccctcccccatgccaQcctgcgtp 

A1-22 RATGCCCTCCCCCATGCCATCCQGCGTp 

A1-26 RatgccctcccccatgccatcctgcgQp 



Probe 


518 nm 


582 nm 


RQ- 


RQ* 


ARQ 




no temp. 


♦ temp. 


no temp. 


+ temp. 








A1-2 


25.5 ± 2.1 


32.7 ± 1.9 


38.2 ± 3.0 


38.2 ±2.0 


0.67 ±0.01 


0.66 ±0.06 


0.19+0.06 


A1-7 


53.5 + 4.3 


395.1 ±21.4 


108.5 ±6.3 


11 0.3 ±5.3 


0.49 ± 0.03 


3.58±0.17 


3.09 ±0.1 8 


A1-14 


1 27.0 ± 4.8 


403.5 ±19.1 


109.7 ±5.3 


93.1 ± 6.3 


1.16 ±0.02 


4.34 ±0.15 


S.18±0.15 


A1-19 


187.5*17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ± 2.8 


2.67 ±0.05 


5.80±0.15 


3.13 + 0.16 


A1-22 


224.6 ± 9.4 


482.2 ±43.6 


100.0 + 4.0 


96.2 ± 9.6 


2.25 ± 0.03 


5.02 + 0.11 


2.77 ±0.12 


A1-26 


160.2 + 8.9 


454.1 ±18.4 


S3.1 ± 5.4 


90.7 ±3.2 


1.72 ±0.02 


5.01+0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing fJ-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average ±1 s.D. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ+ values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence mea.su rement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ~) from the RQ value for the com- 
plete reaction including template 
(RQ + ). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the fJ-actin gene containing the target 
sequence. Performance In the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that Is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ~ depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ - values indi- 
cate that probes Al-14, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ - values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiendy the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ+ 


ARQ 


A3-6 


54.6 ± 3.2 


84.8 ± 3.7 


116.2 + 6.4 


115.6 ± 2.5 


0.47 ± 0.02 


0.73 £ 0.03 


0.26 ± 0.04 


A3-24 


72.1 ± 2.9 


236.5 ± 11.1 


84.2 ± 4.0 


90.2 ± 3.8 


0.86 ± 0.02 


2.62 ± 0.05 


1.76 ± 0.05 


P2-7 


82.8 ±4.4 


384.0 ± 34.1 


105.1 ± 6.4 


120.4 ± 10.2 


0.79 * 0.02 


3.19 + 0.16 


2.40 ± 0.16 


P2-27 


113.4 + 6.6 


555.4 ± 14.1 


140.7 ± 8.5 


118.7 ± 4.8 


0.81 ± 0.01 


4.68 ± 0.10 


3.88 ± 0.10 


PS-10 


77.5 ± 6.5 


244.4 ± 15.9 


86.7 ± 4.3 


95.8 ± 6.7 


0.89 ± 0.05 


2.55 + 0.06 


1.66 ± 0.08 


P5-28 


64.0 + S.2 


333.6 ±12.1 


100.6 ± 6.1 


94.7 ± 6.3 


0.63 ± 0.02 


3.S3 ± 0.12 


2.89 ± 0.13 



Reactions containing the indicated piobes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 * effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 nm Mg 2 * »s only slightly higher than 
RQ at 10 mM Mg 2 "". For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * followed by 
a gradual decline as the Mg 2 * concen- 
tration increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with noMg 2 * present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 



The striking finding of this study is that 
it seems the rhodamlne dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



S18 nm 



582 nm 



RQ 



Probe 



ss 



ds 



ss 



ds 



ss 



ds 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

P5-10 

P5-28 



27.75 
43.31 
16.75 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
54.63 
65.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0.43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0.38 
3.21 
0.58 
5.25 
0.87 
4.43 



(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concentration of 50 nw indicated probe, 10 dim Tris-HCl (pH 8.3), 50 mM KCI, and 10 roM MgCl 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26 100 nM A3C for probes A3-6 and A3-24, 100 nw P2C for probes P2-7 and P2-27, or 100 DM 
PSC for probes P5-10 and P5-28. Before the addition of MgCl 2 , 120 id of each sample was heated 
at 95°C for 5 min. Following the addition of 80 |d of 25 mM MgCl 2 , e B ch sample was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
Increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA Is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factoT causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ " , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ - include 
the particular reporter and quencher 
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mM Mg 

FIGURE 3 Effect of Mg 2+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mM 
Trls-HCl <pH 8.3), 50 mM KC1, and varying amounts (0-10 mM) of MgCl 2 . The calculated RQ 
ratios (518 nm intensity divided by 582 nm intensity) are plotted vs. MgCl 2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe. (I) 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
Is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ~ than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the P5 probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ~ value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed foT two probes 
with internally attached TAMRAs. w This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (I> demonstrated that allele-specific 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
4F508 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target, thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. (,0) describe Just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex piobe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Wclave developed a "eve, "re, J^,.^^ 

tZZ^Z poM-PCR sample handling prevent.n B po* nual PCR fgtoav^*^ »n «d 
resulting In much faster and higher throughput «*ys. The real-time ^ m ^^f o J'L^ auamiiarlvc 
ranee of starting target molecule determination (at h»u five orders of ^Bm.udcJ _Real time quantitative 
PCR is ixtremcly accurate and less labor-intensive than current qualitative PCR methods. . 



Quantitative nucleic acid sequence analysis has 
had an importnnl rolfe in many fields of biologi- 
cal research. Measurement of gene, expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli (Tan el al, 
1994; Huang el al. I995a,b; Frud'homrac el al. 
1995). Quantitative gene analysis (TJNA) has 
Ix-cn used tu dv.Jermine the genome quantity of a 
particular gene, as in the case, of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (SlamoJ) ct al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(111V) buTdun demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Plutak ci al. JvttJh; 
J'mtado el al. 1995). 

Many methods have been described for the 
quantitative analysis ot nucleic acid sequences 
(hoth for RNA and DNA; Southern iv/S; Sharp et 
al. 19K0; Thomas 19K0). Recently, I'CR has 
proven to be a powerful tool fcrr quantitative 
nucleic acid analysis. I'CR and reverse transcrip- 
tase (R'O-PGR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made pos- 
sible many experiments that could not have, been 
performed with traditional methods. Although 
I'CR has provided a powerful tool, it is imperative; 



«TnBi 



thai It be used properly f«r qunntStudon (U»«y- 
maekm 1995). Many early reports of quantita- 
tive I'CR and IVI-I'CR described quantitation of 
the PCR product but did not measure, the initial 
target sequence, quantity. It is essential to design 
proper controls for the quantitation of the initial 
target sequences (Fcrrc 1992; Clement 1 et al. 
100?.) 

KvMhhrchcis have, developed several methods 
of quantitative I'CR and RT-1'CR. One approach 
measures PCR product quantity in the log phase 
of the reunion before the plateau (Kellogg et al. 
1990; 1'ang ct a). 1990). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with idvmt ic.il efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in .ill :\amplcs at relatively constant quan- 
(jlltf*, such as p-aelln) tan be us«d for sample 
Ht„,,IiTication efficiency normalisation. Usln« 
conventional methods of RCR detection and 
quantitation (gd electrophoresis or plate capt\irc 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (foT both the. target gene and the 
normalization gene). AnoUier method, quantita- 
tive competitive (QC) 'RCR, has been developed 
and is used widely for PCR quantitation. QC-l'CR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Matak cl al, 1993o,l>). The efficiency of each re- 
action is normalised to th« inlcrnol compel ilor. 

of im«-j-nal competitor on be 
ariniM 7 nee no i RfcR wj RO'.tT 7nn7/cn/7T 
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added to wich sample. To obtain relative qunni- 
tallon, the unknown largel PGR product is com- 
pared with the known competitor It'K product. 
.Success of a quantitative competitive I'CR assay 
relies on developing an Internal control that am- 
jilinra Willi the same efficiency as the Uugul mol- 
ecule. The design of The competltoi and the vali- 
dation of amplification efficiencies acquire a 
dedicated effort. However, because QC-l'CR docs 
not require that FC.R jhikIucIs be analyzed during 
the log phase of Ihv amplification, it is tin; easier 
<.<( (lie two methods to use. 

Several detection systems uie ums! for quan 
illative 1"CR and RT-W.W analysis; (1) agarose 
gels, (2) iluonrwriil labeling of K:U products mid 
detection with lnsiiTr-induer.d fluorescence using 
capillary electrophoresis (haseo et a). 1995; Wll- 
Hams ei al. 1996) oi acrylanilde gels, imd (3) plate 
capture and sandwich probe hybrldl^nion (Mul- 
der el al. 1994). Although these method*. jmivrO 
successful, each method Tequlres posl-l'CR ma- 
nipulations that add time to the iiiialysis and 
may lead to hibui atoi y i oiilnii'iiiiation. The 
sample ihruughput of Ibese inrlln>d> is. limited 
(wll)l (hi.- «-xc.c:pllon of the plnlc capture ap- 
proach), and, lhi:ri:fi>Ti-., these methods, ore not 
well suilrd fin UM.-S. dvmanding high sninple 
throughput (I.e., .screening of large numbers of 

b(i>tiiolm.ules> in di ialy z.Iil^ SAmpIvs lui diagnos- 
tics or clinical triads). 

Here we report the development of a novel 
assay for quantitative IWA analysis. The assay is 
based on tli*: me of tile .V 'nuclease assay first 
described by Holland et al. (1991). The method 
ii.sij the 5' nuclease activity of 7Vu/ polymerase to 
cleave a nonc.xtcndlblc hyhridly.ni ion probe dur- 
ing thr extension phase of T'C.lt. The. nppronc.li 
uses dual-labeled fluorogenic hybridisation 
probes (Lcc ct al. 1993; Jtassler ct al. 1995; l.lvolt 
ct al. l99So,b). One. fluorescent dye ,n:rvv.j as a 
reporter (r'AM (i.e., 6-carbpxyf1uor«aecin)| and its 
emission spectra is quenched by the second fluo- 
rf.scr.nt dye., TAMRA (i.e.., fi-carboxy-letramethyl- 
lhodarninc). Tlic nuclease degradation of the hy- 
brld1xJitH3)t probe releases the quenching t>f Die 
I'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at Sjy nin. 
The use Of a sequence detector (AD1 I'rism) allows 
measurement of fluorescent spectra of all 96 wells 
of the iiio.rmal cycler continuously during the 
l'CK amplification. Therefore, the icucliuua uie 
monitored in real lime. The output data is de- 
scribed and quantitative analysis of input urgci 
UNA sequences L5 discussed below. 



RESULTS 

PCR Product Derealon in Real Time 

The goal was io develop a high-throughput, sen- 
sitive, and ne.eiiratc gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmid encoding human factor 
VIII gene sequence, pI'8TM (sec Methods), was 
used as a model therapeutic ge.ne. BSSB y llSI " < ' 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AM Prism 77(H) Sequence TVtcc-tnr). Tin: 
Taqman reaction requires a hybridization pmho 
lulxled with two different fluoreseenl dyes. One 
dye is a reporter dyu (I-AM), the other l.t a - cjuench- 
ing dye (TAMRA). When the pruln: l.s Inlacl, fluo- 
icsccnl energy transfer occurs «nd the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Die extension 
phase of the l'CK cycle, the. fluorescent hyhrid- 
l/wiilon prone is cleaved by the S'-.'l' nucleolytic 
activity ofthr. DNA polymerase. On cleavage of 
the probe, tlie reporter dye emission is no longer 
transferred efficiently to the uucne.liing dye, re 
suhinx In an Increase of the report or dyu fluorCK- 
cent cniisisiloji spectra. I'CR primers und prubuM 
were designed fin lli'u human fcitlor V 1 1 J se- 
quence and human p-ae.tln gene, (n.i dnacrlbed in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
mngnesluni concentrations yielding the hinln-st 
Intensity of reporter fluorescent signal wilhout 
sacrificing specificity. The Inslrumenl uses a 
charKc-coupicd device (i.e., CCD camera) for 
measuring the fluorescent emission apeclni from 
r,(X) to fi50 nni. ICach PC'.U tube was monitored 
sequentially for 2!» msec with continuous moni- 
toring IbroVlghotlt tin: oiuplificiitioii. Eftcll lube 
won rr.-«=xan dried every B.S see. Computer soft- 
ware was d<Ltigne.d to examine the fluorescent In- 
tensity of both the reporter dye (I'AM). and 
the quenching dye (TAMRA). The lluore.sc.crtt 
intensity of the que.nc.hlng dye, TAMUA, changes 
very Utile river the course of the PCR ampllfl- 
cation (data not shown). Therefore., the Intensity 
of TAMRA dye emission serves as an Internal 
itaiiiJard with which to normalise the reporter 
Oyi: (PAM) emission variations. The software cal- 
culates a vdhn: termed ARn (or ARO) using the. 
following equation: ARn - (Rn J ) (Hii"). where 
Kn 4 ■• emission ijjlensity of reporter/emission in- 
tensity of quencher al any given lime In o renc 
tlon lube, ami Rn ~ emission intensilily of re- 
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poniT/cmissioi) )m«i»iiy »f quencher measured 
prior to l'CK aniplilicalioii in that same reaction 
lube. 1'or the purpose- of quantitation, the last 
three data points (ARns) coliccn-il during the. tot- 
tension step for each I'CK cycle were analyzed. 
The nucleolytic degradation of the l»yuriOi/-iiion 
probe occurs during the extension phase or i'Ui> 
and, therefore, reporter fluorescent cnimjun in- 
creases Uuring this time, Hie thice data points 
were averaged for cadi I1JK cycle and the mcmi 
value for each was plotted in an "amplification 
plot" shown In JHfjurc ] A. The Alio mean value is 
plotted on the j'-axis, a no time, represented l>y 
cycic number, isploltncl on tliv *-axis. During the 
early cye.Uw of the VCAl amplification, the ARn 



value remains at base line When .sufficient hy- 
bridjy-atlon probe h.'is been cleaved by the Tut) 
Ijolymcrusc nude-rise- activity, the intensity of ro- 
porter fhmrc.tccm emission iiif.'ieuiii*. Most I'CU 
umplifk^ljons reach » plateau phum* of reporter 
fJuoTej.ee.nl emission tf the rcMuliiwi Is carried onl 
10 high cycle iiumlwis. The- amplification plot Is 
examined vaily in lh« reaction, ut a point that 
icjjicscnts the log phfljio of product scnnriula» 
lion. This Is done by ussignlng an aibilj;uy 
threshold tiul is bused on the variability of the 
baseline duia. In Vigors 1 A, the Ihffcshokl whs set 
ut l() standard deviations above' the menu of 
base line emission lalculated frnui tyt;lo 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Ftqure 1 PCR product detection in real time. <*) The. Model 7700 .ollware will "nsiruct amplification ploti 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
is determined irom the data points colled* from Um base line of the ampll lea ^ P»£ft££ » 
calculated by determining the poinl at which the fluorescence exceeds a threshold limit (usually 10 times ihe 
SSnfffdSlatS of the'base Sne). (B) Overlay ot amplification plots of serially (1:2) dl luted ^uman genome 
Sna sTmoles .mplifM with p-actin primers. (Q Input DNA concentration of ^jamples plo ttcd v«« ^ 
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the amplification }>lot crosses the thrcshold'is-cla 
fined as C,. C, is reported us the cycle number at 
this point. As will be demonstrated, lh« C, .value 
I* pi edict! vt of the quantity of input tnrge.t. 

Cf Values Provide a Quantitative 'Measurement, of 
Input Targer Sequences 

Figure IB shows amplification plots of lii'cli'fhs*. 

ejjl PCR amplifications overlaid. The nmplif.cu- 
tions wore performed on a 1:2 serial dilution trf 
human genomic DNA. l"hc amplified targ'ei v,m 
human (J octln. The amplification plots shift to 
the right (to higher threshold cycles) ns the. input 
tflfgol quantity is reduced. This is oxpectod ho. 
camu HiHC.tloriK with fewer starting eopins of t)10 
target molecule require greater amplification to 
degrade enough probe to attain ihe threshold 
fluorescence. An arbitrary threshold of 10 "stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C represents the 
C T values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PC.R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly with increas- 
ing target quantity, THUS, C r values can be used 
as n qunntittitive measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6-ng sample shown In Figure 
lfl does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves e.ndpoim pla- 
teau at a lower fluorescent value than would be 
expected based on the input UNA. This phenom- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to latft cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated C, value us 
demonstrated liy the fit on the line shown in 
Figum 1 C. All triplicate amplifications resulted in 
very similar values— the standard deviation 
did not exceed 0.5 for any dilution. Tills experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using G,- values for quontH.nion 
permits a much larger assay range than directly 
using total fluorescent emission inlcnslly for 
quantitation. The linear range ol lluoresccnl in- 
tensity measurement of inc. AIM J'rlsin 7700 !k- 

annru 
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merits over n very large raii}>«- of rplntivo sturMnp/ 
target quantities. 

Sample Preparation Validation 

Several parameters influence the cfticlenry nf 
PCR amplification: magnesium and salt conceiv 
nations, reaction conditions (i.e., time, and tem- 
perature), PCH target size and composition, 
primer sequences, and sample purity. All of The 
above laclou are common to a single I'CK assay, 
except sample to sample purity. In an effort to 
validate the method of sample preparation for 
the iactor Vlll assay, J'CK amplication rcprtulno 
ibility and olllciency ol 10 replicate sample 
]ive|>.iratioTis were. exatnined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quni'itUaled by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-actln 
gene content In 100 and 25 >ig of totat genomic 
DNA. liach I'CK amplification was performed in 
triplicate. Comparison of C r values for each trip- 
Hcate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Ihercforc, each ol the triplicate PCU 
amplifications was highly reproducible, demon- 
strating that real time. PCR using this instrumen- 
tation introduces minimal variation Into th« 
quantitative. J'CK analysis. Comparison of tin: 
mean d values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for H-nctin gene quantity. The highest f'. T 
difference between any of the- samples was 0.85 
and 0.7] for the NX) and 25 ng samples, respec- 
tively. Additionally, the. amplification of cadi 
sample, exhibited an equivalent rate of fluores- 
cent emission inlcnslly change per amount of 
DNA target analyzed ns indicated by similar 
slopes derived from the sample. dllmions (Fig. 2). 
Any sample containing an excess of a I'CK inhibi- 
tor would exhibit a greater measured 3-actin O r 
vaiuc for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis 2), altering 
the expected C,- value change. F.at:h sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible, wllh regard to 
sample purity. 

Quantitative Analvsis of a Plasmid Afier 

7nca not ahR wa rc:i>t 7nnr/cn/7T 
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Table 1. Reproducibility of Sample Preparation Method 



8 
9 
10 

Mean 



100 ng 



Sampla 

no. C T 



18.24 

18.23 

1 8.33 

18.33 

18.35 

1 ft.44 

1S.3 

18.3 

18.42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

1 8.67 

19 

18.2B 

18.36 

18.52 

18.45 

1B.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

1 8.66 

(1 10) 



1W.27 0.O6 
0.06 

18.34 0.07 

18.23 O.OB 

1U.42 0.04 

18. 7A 0.21 

18.39 0.12 

18.63 0.16 

1R.29 0.1 

18.55 0.12 

18.-12 0.17 



25 ng 



standard 
mean deviation CV C, 



standard 
mean y deviation CV 



20.46 
20.55 

0.32 20,5 20.51 0.03 
20.61 
20.59 

0.3? ?0.41 0.11 
20.54 
20.6 

0.36 20.49 20.54 0.06 
20.48 
20.44 

0.46 20.38 20.43 0.05 
20.68 
20.87 

0.23 20.63 20.73 0.13 
21.09 
21.04 

1.26 21.01 21.06 0.03 
20.67 
20.73 

0.66 20.65 20.68 0.04 
20.96 
20.84 

0.83 20.75 20.86 0.12 
20.46 
20.54 

0.55 20.4B 20.51 0.07 
20.79 
20.78 

0.65 20.62 20.73 0.1 



0,90 



20.66 0.19 



0.17 

0.51 

0.26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



tor containing a partial cDNA for human factor 
Vlll, pl ; 8TM. A series of tr;»i)sfcct;'ons was set 
up using a decreasing amount of ihc plasmid v (40, 
A, (J. 5, and (>. I fig)- Twnmy-tour hours pn.si- 
trunaferiinn, total fiNA wnj purified from i:arh 
flask of Ltrih. p-At liu geuct-juiiijllty was chosen <is 
a value (tit iioiTnalihatiuii or ^i-nomii-. ONA con- 
centration from tctch sample. In lids cxpejimuiit, 
p-actin gene content should remain constant 
relative to roral genomic DNA. Figure M shows the 
result of (lie p-actin DNA measurement (100 jig 
total DNA determined by ultraviolet spectros- 
copy) of each iuii;plr.. Kaeh sample was analyzed 
in triplicate and the mean p-actin C r values of 
the triplicates were plotted (error bars represent 
r*-i-«.iniri rimiiai inni 'I h#» hip t war iliffr-rrnrr- 



l>l'tw«Mn any 1wf> samplci moan* was O.'IS C,, Ten 
nanograms of total UNA of each sample were al*o 
examined fur p-ttctin. The results opuiu slmwcd 
that very similar amounts of genomic DNA wort: 
present; tin-, maximum mean p actio (":, value- 
difference wis 1 .0. As l'igure 3 shows, the rale of 
fi-actiii C|- change lx.-Lwc-cn the 100 sod 10-ng 
samplci was slnillur (slope values i;ing« hutwoon 
3.56 oi iU -3.45). This verifies again th»il ilu: 
method of sample prcparniion yields samples of 
identical PC.R integrity ()'.<•_, no sample contained 
an excessive amount of a PCft Inhibitor). How- 
ever, those results Indicate that eneli sample con- 
tained slight difft-iences in the actual amount of 
genomic ONA analysed. Determination of actual 
Munomic l)NA concent ration wos accomplished 





From : BML 



PHONE No. 



310 472 0905 



Dec. 05 2002 12:24AM P16 



Kl Al TIMI- QUANTITATIVE PCI? 





21 JB 




21- 




KJ.6 


J- 


■£U- 


> 






1V.C- 




10 




VtA 




18 



8»mpl» 



"Jsii'»i*.>..v 




1.4 



1,6 1.0 1.7 IJI 1.0 
log (ng Input genomic DMA) 



M 



Figure 2 Somple preparation purity. The replicate 
camples shown In Table 1 wore also amplified In 
tripicate using 2S ng of each DNA sample. The fig- 
oie shows the input DNA concentration (TOO arid 
25 ncj) VS. 0, In Inn lignrp. Ihp 100 and ?S ng 
points lor each sample are connected by a line. 



by plotting the mean £*actin fl-, value obtained 
for «at:h TOO ng stuilplv vim .1 fUaciln standard 
i.-uive (shown In J'ig- 40). The Actual genomic 
ONA con,ceiitr;itlm« of each simipi*:, «, was ob 
tallied by extrapolation to tilt- X-axis, 

Figure -1A allows the measured (!.«., mill- 
normalised) quantities ut factor V]J1 plnsmid 
ONA (pltiTM) from each of the four transient cell 
lriiii«ifcc(lr>n!t. Each reaction contained 100 of 
total sample DNA (as determined by UV spectros- 
copy)- V-ach sample was analyzed in triplii.jitc 
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Figure 3 Analysis uf tidiisfectcd cdl DNA quantity 
and purity. I he DNA preparations of Hie four 293 
cell transfeclions (40, 4, 0.5, and 0.1 of pF8TM) 
were analyzed for the (3-actln gene. 100 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfectcd, the (3-actln 
C T values are plotted versus the total Input DNA 



h 7 n H3i 



■'1>C ".ft amplifications. As shown, pl'S'ITvl purified 
.hoiclbc 293 colls decreases (mean C, values in- 
cnnt.si';) with decreasing amounts of plasmld 
.irumlixlcd. The mean C t values obtained for 
prUTM -in 'Figure 4A were plotted on a standard 
mrve cc-mprlNed uf si-ilully diluted pl-'RTM, 
shown .in -figure 4B. Thu quunllly uJ pl-"KTM, l>, 
found in each of the four JransfoctloiiR was de- 
termined by extrapolation to tho x axle of the 
standard curve. In l'iguro 411. Tncac uncorrected 
values, b, for pKHTM were 4 iiormsOlyxid m deter- 
mine the actual amount of pl'8TM found per 100 
riK of genomic DNA by using the equation:. 

/> x 10 O ng uctual pI-BTM copies per 
J t T 100 ng of genomic DNA 

whore a •- actual genomic DNA in u sample and 
l> i- plOTM copies from the standard curve. 'Die 
normalised ^•uaniiiy of pI'8'l'M per 100 ng of ge- 
nomic DNA for each of the four Irari.VfCCllOn.s 1.1 
shown In t-'igurc 4JJ. 'ilie.w. rr..iulls show iliflt the 
quantity of factor Vlll plasniiU associated wiili 
thO 2V.1 cells, 21 hr after lruji.sfv.:Ui«iii, 0i:i.u:.ise.s 
wltli UccrcusliiK plMSiiiiiil i.iiiK.«iuiaiicjii used in 
the trans/ccaibn. '11 k: quuntlty of pl'tt'J'M nssocl- 
atcu wjih 293 cells, aftcT trunsfecilon with 40 n-g 
of piafiiiiid, was 35 pg ptr 100 ng gCTiumlc UNA. 
Tllis results in --S20 plasmitl copies per cell. 



DISCUSSION 

Wo have described a now method for qunntiiui- 
iiiR gene copy numbers using real-time analysis 
of KJR ampHficotlcms. Real-time HCK is cDinjiat- 
ible with cJthw of the two PCR (H7-PCR) ap- 
proai;lic»: (1) cjuanlllative comijciitivi: wlicrc an 
inleniiil wmpcilior for each tarj;«t scuucjilv is 
used for nonnalii'.otlon (data not shown) or (2) 
quantitative comparative PCR using » uunnaliiici- 
ti(5n gene contained within the sample (i.e., |3-nc- 
tin) oj- a "housekeeping" gene for RT-J'CK. If 
equal amounts of nucleic uc.ld arc analyzed f<jr 
each sample and if the amplification effkir.iK.y 
before quantitative analysh. is identical for each 
sample, the iTirernal cunt id (owjoiali^ition gene 
t>r competitor) should give equal signals for al) 
samples. 

Tlic real-time PCU method (jffcrs several ad- 
v:tnta n es over the other two methods currently 
employed (see the Introduction), l-'irst, the. real- 
time I'CR method is performed in a dosed-tube 
systtitn and requires no post-PCR manipulation 
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Figure 4 Quantitative AnalyKi* of pFSTM in transfcclcd cclli. (A) Arr>ownl of 
plasmid DNA uacd for the; transfecilon plotted against ilie union C, value deter- 
minnd for pfiiTM remaining ?^ br after Ircnsfection. (D,C) Standard curves of 
pf-'RTM and fJ-aciln, respectively. pr8TM DNA (fl) Olid genomic. ON A (Q were 
dilutftd tftrlally 1 :£ before amplification with the .appropriate primers. The p-actin 
standard curve wav used to normalise the results of /Mo T 00 rig of genomic DNA. 
(0) The amount of pF8TM present per 100 ng of genomic DNA. 



nf sample Therefore, Ihi- potential for TCK con- 
tamination in the labor;ilory is reduced because 
amplified products can l>« analysed and disponed 
of without opening tlu' roaction tubes. Second, 
this method svippoUs the use of a iiormiilix.iitlon 
gene (i.e., P-nctin) for quantitative. PCR or house- 
keeping genes for quantitative RT-1'CK controls. 
Analysis is performed in real lime cltirlng the Jog 
phase of product accumulation. Analysis during 
k»K phase permits many different genes (over a 
wide input target range) to be analy;>.ed slmuha- 
ni:ously, without concern of reaching reaction 
platcati at different cycles. This will make niulll- 
ecne analysis assays much caslei ivi develop, be- 
cause individual internal Mimpciltuis will mil be 
needed for c.och gene under analysis. Third, 
ndmplc throughput will imieasc diuiuulieally 
with the new method because, there is no post- 
VCK piocc.-ising lime. Additionally, winking In a 
°G-wcll formal is highly compatible with auto> 
illation technology, 

The real-lime PCR method is. ln'ghly repro. 
ducible. Replicate, amplifications can be analyzed 



for t>ach sample minimizing jHJterJtlol error. The. 
system allows- for a very large assay dynamic 
runge (approaching 1,000,000-fold starting tin- 
get). Using a standard curve for the. target oJ in- 
terest, relative copy number values can be deter- 
mined for any unknown sample, fluorescent 
threshold values, C, v conrJair. linearly with rela- 
tive DNA copy numbers. Ileal time quantitative 
K'J-I'CH methodology (Cilbson et al., this l.wun) 
has also been developed. Finally, real time quan- 
titative I'CW methodology can be used in dcvc.lup 
high-throughput screening assays for a variety of 
applications [quantitative gcilt; CApieasiun (KT- 
rCR), Rene copy assays (I1er2, 131 V, etc.), gcm> 
typing (knockout mouse analysis), and Jmmuno- 
PCUj. • 

Real-time P('U may also be performed using 
intercalating dyo.s (Higuc.hi ct al. 1W2) such as 
e.iJiJditim bromide. '1'hc fluorogenic probe, 
method offers a ma|ejr advantage over inter- 
calating dyes--grcater specificity (i.e., primer 
dinners and nonspedfic. PCR products are. not de- 
tected). 



f» r r> H*. 
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METHODS 

Generation of <t Plasmld Containing a Partial 
cDNA Tor Human Factor VIII 

TutHl RNA was harvested (UNA*"' !> Tel Test, '" e v 

r r) ends wood, TX) frum cwllt. ii-i»»rcclcd •»~H1» o factor VI 11 
exjirasiluii veetor, pCISZ-UvWU (Kotim el ill. IUHCi; Gcir. 
man cl al. 19905. A factor VIII partial dlNA tnpHiuv WAS 
K .-,w.r»ted by in' l'f:U |<:i-ncAnip HZ (Till IINA I'C'Jl Xll 

(pan N80R-tiT/s, l'fc Applied Uiosystcms, l-'twtvi t'.ity, IJA)] 

using the l't:it jj.j.iiuu FHfor »»«l l-H/ev (prinu-r srcpinirvi 

are shown below). Tin- ampHcon w.is reamplifii-d OAlnR 
modified Iflfor and Wrcv primers (apix-mUtl with /taiwlll 
and //nidlll restriction site sequences ni the V ei'tll nnd 
Clonal Into jXiKM- 3Z (Promina lUirp., MuuliOD, WI). The 
rcsullln/; clone, pPSTM, was used lor transmit transfectlon 
erf 2M colls. 



Amplification of Target DNA ami Duiccilon of 
Ampiicon Factor VIII Plasmid DNA 

(pFHTM} was Minpllfunl with the p>in>vis l-ttftu V-CCC- 

ci'i{iC(^\AUA(j:ixjAt:iiicn\".-3' and i : «rev .v-aaaccj'- 

tuOCXrrOGA'lXHj'I'AC-iCi-S'.Hic runvlliui piuduerd n 422- 
up i'C:X product. The forward primer was designed tu iw 
ognlze u unique m'i|iiviii«' found In the 5' untranslated 
region <>( tin: patent uC13Z.ikZ5l> plo.Mii'ul noil thciefore 
tlovs Jiul ivuiikiiUu <mti amplify ihv human factor Vlll 
gene. Wimnre wore chosen with thv avsiftaiti-c of I Kf enm. 
(>ulcr premium Olifco 1.') (National lliuxcicncet, Inc., I'ly. 
mouth, MN). The human p-acttn givie was amplified with 
Hie primers |l-tit-liii forward primer 5 ' •TCACOOAc.lAt n't IT 
GCCCATO'ACC.'A-.V anil (i-actin reverse piimcr V.CAC 

C0CAACCX:tn<:Ai"it;(:c^AiGtj-3". The reaction pro- 
duced a 2V5 hp rC'.lt product. 

Amplification reactions (SU ^J) contained a UNA 
sample, 10X I'CK Uuffr.r II (f> p-l), 200 p.M dATP, dCIT, 
dGTP, and 400 i>m rillTP, 4 ms< MgCI ? , 1.2.S Units Ampll 
Tat} r;NA poiymciasc, 0.5 unit Amperage uracil rt-Riy- 
uinyluM- (UNO), £0 pmok of cneh faciei Vlll prlmei, and 15 
puioli* of uut'.li |t »c.tln pi Intent. Tho K'ai-tliMij, itUo >:<<nlolncd 
00? Of the fol'O w l>>R tlflecllon |irol«>s (I«(J nu rpch): 

I'Sjimtip A'(i'AW>Ac:crjvrj , c:c:At:t: , i , <:t - .-iT(;riT(:Tc: , i - . 

GCCTT(TAWRA)h y «u<i p-m-tiu proU- 5' (TAMJATGf.XX:- 
XlTAMKA)CCCCCATGCC.ATr.p-.V whrrr p indicates 
pliospliorylftlion nnd X Indlrntes a linker arm nuclentitk 1 . 
RcnrUon tul»c> wrn- Mii:n>Amp Optical Tulx-s (port itUflTl- 
I.ht NK01 00.1.1, PcrlOn Klmi'i) tliai won- froEti'tl (nt IVrkl" 
Hlnicr) to prvwul I <£jf%l /rons /cflcctlnp. Tube cops were 
similar t" MicroAmp t;nj» IhiI specially deaijuicd to pre- 
vent HrIiI scut UT'iig.- All <•! lli<- IK 'M ^jii«i.iniilili'i wcro »u>>- 
jylik:cl l<y PH Applied U)t>«y»tf nu (I'o»Iit ('My, CA) cxecpl 
Ihr farlor Vlll prliuen, wlilrls wrir synlliesl/.tul at Cenvn 
lech, Inc. (South C-u>< rrunelsco, CA). I'tolu-v wm. dc-slgniKl 
using the Oliyr.> 4.0 software, following, guldclliiDS ni|;. 

^csiihi in tnc Mtuk'l 77fK) .Sequence l>ettvit>r lii.ntuiiii-iil 
muiiual. ItrlcHy, prubv T„ slmulil Iw- al least J U C higher 
than t)i«' amu-ulliijt l?ui|.ivi<ilur«: u.icd durlnj; (IhtmiiiI ey- 
elmgi primers shn\ilil >iol Sunn nImIiIi- duplexes' wild Ihc 
prnrir*. 

The theriiinl I'yrllng cuiiditkuv.% Im-lutled 2 mill a( 
Sin", and 10 ruin ut 95"C. 'Ilinrnial (.-ycliilg prorcrdi-d with 



reactions wore performed in Ihc Motlrl 7700 Jirqucncc 0t- 
ti^lut (l*U Applied Ulusj-vK'uiv), wlilrh contains * Ccni- 
Anip lf:U Sy&lvni V<AX>. Ui;at:llon wuclitioi.t wi-fr- jiui. 
RruuiiilLl] on .i l'ww»r Macintiuh VI 00 (Apple Computer, 

Sania Clara, CW) linked dirvt-ily to the Model 7700 Si>- 
cjucnw IXitffclor. Ana'y»l» «>f d»lo alw.1 on 
thv M-i lntmh compuUt, (function and suialysU tnflwarc 
wti» devclo|K><l hi 1«K A|>pllvd niosysluins. 



Ti Jnsfection of Cells with Factor Vlll Con»lrucl 

J-nur I I 7S Oasks of 293 cells (A'WX'. CAl\. 1 57H), a human 
fetal kidney suspension cell line, wvre ornwu to SO 1 )!) con- 
llucm-y and tranjfccied pl-rTl'M. Cells were (jrowti in tln> 
rollnwlng medlat 50% HAM'S YV1 wllhotii GUT, .M)'K. Imv 
glucose JXUlH'tvn'a inodlflrrlKaxleiiK'tliinn (DMF.M) wltli- 
<nn filyonc willi sodium bicarbonate, 10% letal txivine 
swum, 2 iiiM L-nluUmlnc, and 1% penicillin-sircjMomy- 
ilrt. The media vym dianfjed 30 rnln the Iransfcc 

lion. pl : UTM WA amounts of 40, 4, OA, .ind 0.1 werv> 
iiUilctl to 1..S ml of a solution contalnlnR 0.I2."> m CaCA,: 
and 1 x llt'J'HS. TlK four mixturt-n w«rc left at room teiu- 
ixniun- foi II) mln ai)d Ihen iiildi-«l rlmpwiLv to Otv'evlla. 
"Hiv ns»k> ^v..-.'.t.v.ul>uled al 37"C an.i i.% ( :O s for 24 hr, 
washed with PUS, .mil Suspended 111 PBS. 'lite n'mi.t 
j/i-iuKsl cells ■were divided into »lii|m>l» und DNA was ex- 
tmctetl Inunedlutcly usinj; Ihe QIAiiiup KUmk) Kit (Qla(»en. 
<U)<it.iw>rtli, C.A). UNA vy»s c.Iuled Into 200 p.1 ul 20 i"" 
Trls-IICJ ol pll 8.0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components or the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line CS7MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (/) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressive promoter, and (<i) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WlSP-3.The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 u.g of polytA)* RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 tig 
of poly(A)"" RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WlSP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /xM 0 f each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WlSP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<a«) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WISP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WS/'expressionafter Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of =40,000 (M, 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of =27,000 (M, 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 tig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse W / 7J/ > -7-specific probe 
(amino acids 278-300) or a 190-bp W7S/'-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human W1SP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. W1SP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas W1SP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 314). 

WISPs Are Homologous to the CTGF Family or Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse W1SP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and W1SP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 



14720 Cell Biology, Medical Sciences: Pennica el al. 

analysis on adult and fetal multiple tissue cDNA panels. 
W1SP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A,C,E, andC) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 
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the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 fig) 
digested with £coRI (WISP-1) or Xba\ (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means * SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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FiC. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISPS, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin Q v fc serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
. tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-|31, which is the stimulus for 
stromal proliferation (34). TGF-01 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
W1SP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WlSP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-cell-proliferation assays were 
done essentially as described 2 "'. Briefly, after antigen pulsing (30u.gmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-weD microtitre plates. After 48 h, the cultures were pulsed 
with 1 jxCi of 3 H-thymidine and harvested for scintillation counting 16h later. 
Predigestion of native TTCF was done by incubating 200 |xg TTCF with 0.25 u.g 
pig kidney legumain in 500 u.1 50 raM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HlDN(N-glucosamine) 
EED1 and H1DNESD1, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy-methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The iyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mUmT 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgmr 1 ct- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate irrunune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK w , or OPGL/TRANCE/ 
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RANKL 10 "' 3 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 u.gml"'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG]; the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the A/-linked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)' RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes' ,M "'\ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ~65% to 
~30%, with half-maximal inhibition at —lu-gml" 1 ; the residual 
killing was probably mediated by the perfprin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFRl-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1. DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl-Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d. Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR)" in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene: is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 ". . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface". DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL:. 5ngmr') oligomerized 
with anti-Flag antibody (0.1 iigmr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl and assayed for apoptosis (mean ~ s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. in presence of 1 u.g ml"' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, e. Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human lgG1. Fas-Fc. or DcR3-Fc ( 10 u.g mr 1 ). 
After 16 h, apoptosis of CD4' cells was determined (mean * s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 5l Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human lgG1 (triangles), and target-cell death was determined by 
release of 6l Cr (mean * s.d. for two donors, each in triplicate). 



Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n. o, p, q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means * s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T150. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates/ 3 < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 5 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. D 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described 23 . 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding fuD-length human FasL' (2 (ig), together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFR1 -Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S)cysteine and ( 35 S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (IOm-M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 u.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 jig) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1 .5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 1 00 p.1 aliquots into micro titre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICO. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 p-gmT 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U mr') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later by FACS analysis of annexin-V-binding of CD4* cells 2 '. 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with sl Cr-loaded Jurkat cells at an efifector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector-target co- 
cultures relative to release of 51 Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI).The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5'-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (iCT \ where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. coli 1,3 '' is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity", and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L' with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded 0- 
sheet (03 and 08-012) spans both arms of the L, with a domain of a 
a- plus 0-type structure (01, 02, 04-07, ctl and a2) on one side 
(within arm I) and a domain of mosdy a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a. View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. o-Helices 
are shown in orange and [J-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The 3-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a. towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT™. N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. 1. 
Cancer 78:661-666, 1998. 
© 1998 miey-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi el al., 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast rumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (I lql3), ander£B2 (1 7ql2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and eW>B2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns el al., 1992; 
Schuuring et al., 1992; Siamon el al.. 1987). Muss ei a I, (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of rumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al., 1996; Heid et 
al., 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
ei al., 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al., 1994): ft) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary' to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-rube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
rumors (myc, ccndl and erbBT), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results foT 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast rumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-lime PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-rumor DNA by means of CGH (Kallioniemi el al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N = > . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 s copies of each gene) to 
10" 10 (I0 2 copies). This series of diluted PCR products was 
aliquoted and stored at - 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 5 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 1 0% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the P-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et at., 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-qI3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 1 0 5 copies. 

Copy-number ratio of the 2 reference genes (app and albj 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 
from 10 s (A9), 10 4 (A7), 

(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive referencedye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1 .02 ± 0.2 1 ), and was similar for the 1 08 primary breast- 
tumor DNA samples (0.6 to 1 .6, mean 1 .06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1 .6 (mean 1 .06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ± 6. 1 9) for erbB2. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and trbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table 1. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbKl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Til 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 108 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southem-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE 1 - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND cr/>B2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 


as 


myc 

ccndl 

erbB2 


0 
0 

5 (4.6%) 


97 (89.8%) 

83 (76.9%) 
87 (80.6%) 


11 (10.2%) 

17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al., 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR. like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al.. 
1996; Slamon et al., 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (f) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi el al., 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns el al.. 1992; Borg et al., 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et al. (1992) and Courjal elal. 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bernse/ a/., 1992; Borg et al., 1992; Courjal et 
al., 1997). (v) The er6B2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An el al., 1995; Deng etai, 1996; Valeron 



et al., 1996). Our results also correlate well with those recently 
published by Gelmini et al. ( 1 997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM .1 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Nccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









1 For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(£5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg el al., 1992; 
Slamon el al, 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erf>B2 (but not of the other 2 proto- 
oncogenes) in several tumors; erAB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general, "ifhe consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- 
ing of transcript levels (5600 genes), and high resolution 
two-dimensional gel electrophoresis/The results showed „, 
that there is a gene dosage effect that in some cases 
superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels, Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in. relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 



From the ^Department of Clinical Biochemistry. Molecular Diag- 
nostic Laboratory and "Department of Urology, Aarhus University 
Hospital, Skejby, DK-8200 Aarhus N, Denmark, 1AROS Applied Bio- 
technology ApS, Gustav Wiedsvej 10, DK-8000 Aarhus C, Denmark, 
IIUCSF Cancer Center and Department of Laboratory Medicine, Uni- 
versity of California, San Francisco, CA 94143-0808, and ^Institute 
of Medical Biochemistry and Danish Centre for Human Genome Re- 
search, Ole Worms Alle 170, Aarhus University, DK-8000 Aarhus C, 
Denmark 

Received, September 26. 2001, and in revised form, November 7, 
2001 

Published, MCP Papers in Press, November 13, 2001, DOI 
1 0.1 074/mcp.M 1 0001 9-MCP200 



phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyclin dl, 
emsl, and N-myc (3-5). However, a high cyclin D'1 protein 
expression has been observed without simultaneous am- 
plification (4), and a low level of c-myc copy number in- 
crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH)' 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally Invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q--, 11p-, 1q+. 
11qi3 + , 17q + , and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 
Material- Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 



1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA-FABP, psoriasis-associated fatty acid-binding protein; 2D, 
two-dimensional. 
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Fig. 1. DNA copy number and mRNA expression level. Shown from left to right are chromosome {Chr.). CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A, expression of mRNA In invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. S, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor. DNA and normal DNA is shown along the length of the chromosome 
(/eft). The bold curve in the ratio profile represents a mean of tour chromosomes and is surrounded by thin curves indicating one standard 
deviation. The central vertical line [broken) indicates a ratio value of 1 (no change), and the vertical lines next to it (doffed) indicate a ratio of 
0.5 [left) and 2.0 [right). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations In DNA content, the ratio 
profile of that chromosome is shown to the right of the invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDL.DK/sdata.html). The bars indicate the purported location of 
the gene and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; >2-fold 
increase [black) >2-fold decrease [blue), no significant change (orange). The bar to the far right, entitled Expression shows the resulting change 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated [black), at least half of the genes 
down-regulated [blue) or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2-fold change. A 2-fold level was chosen as this corresponded to one standard deviation in a double 
determination of -1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 



grade I and II, respectively, tumors 733 and 827 were staged as pTl 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation -Tissue biopsies, obtained fresh from surgery, 
were embedded immediately In a sodium-guanidinium thiocyanate 
solution and stored at -80 °C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A)* RNA was isolated by an oligo(dT) selection step (Oligotex 
mRNA kit; Qiagen). 

cRNA Preparation— 1 nQ of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Qiagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 ^g of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 mM Tris 
acetate. pH 8.1, 100 mM KOAc, 30 mM MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization buffer (1 m NaCI. 
10 nw Tris, pH 7.6, 0.005% Triton), was heated to 95 °C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affymetrix probe 
array cartridge. The probe array was then incubated for 16 h at 40 °C 
at constant rotation (60 rpm). The probe array, was exposed to 10 
washes In 6 x SSPE-T at 25 °C followed by A washes in 0.5x SSPE-T 
at 50 °C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 |xg/ml (Molecular Probes) in 6x SSPE-T 
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Fig. 1 — continued 



for 30 min at 25 °C followed by 10 washes in 6x SSPE-T at 25 "C. The 
probe arrays were scanned at 560 rati using a confocal laser scanning 
microscope (made for Affymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Microsatellite Analysis — Microsatellite Analysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbi.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PCR in a volume of 20 fd for 35 
cycles. The amplicons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteomic Analysis— TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solullon. 
Samples were stored at -20 °C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that included 
microsequencing, mass spectrometry, two-dimensional gel Western 
immunoblotting, and comparison with the master two-dimensional gel 
image of human keratinocyte proteins; see biobase.dk/cgi-bin/celis. 

CGH— Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein-labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 /i.g) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 °C for 2 days. After washing, 
the slides were counterstained with 0.15 iigjm\ 4,6-diamidino-2-phe- 
nylindole in an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
green:red fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of Ihe green:red fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization -The CGH analysis 
identified a number of chromosomal gains and losses in the 
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Table I 

Correlation between alterations detectad by CGH and by expression monitoring 
Top, CGH used as independent variable (if CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration - what CGH deviation was found). 



CGH alterations 



Tumor 733 vs. 33$ 
Expression change clusters 



Concordance 



CGH alterations 



Tumor 827 vs. 532 
Expression change clusters 



Concordance 



13 Gain 



10 Loss 



10 Up-regulation 

0 Down-regulation 

3 No change 

1 Up-regulation 

5 Down-regulation 

4 No change 



Expression change clusters 



Tumor 7 33 vs. 335 
CGH alterations 



16 Up-regulation 



21 Down-regulation 



15 No change 



11 Gain 

2 Loss 

3 No change 
1 Gain 

8 Loss 

1 2 No change 
3 Gain 

3 Loss 

9 No change 



77% 



50% 



10 Gain 



12 Loss 



8 Up-regulation 
0 Down-regulation 

2 No change 

3 Up-regulation 

2 Down regulation 
7 No change 



Concordance Expression change clusters 



Tumo r 827 vs. 532 
CGH alterations 



69% 



38% 



60% 



17 Up-regulation 



9 Down-regulation 



21 No change 



10 Gain 

5 Loss 

2 No change 

0 Gain 

3 Loss 

6 No change 

1 Gain 
3 Loss 

1 7 No change 



80% 



17% 



Concordance 



59% 



33% 



81% 



two invasive tumors (stage pT1 , TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p~, 9q22-q33-, and X-, and 7 + , 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17 + , and 20q1 1 .2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. -\A) and 
20q12 in TCC 827 (Fig. 18). 

mRNA Expression in Relation to DNA Copy Number-The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
■that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1), In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, fop). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, fop). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the independent variable and es- 
timated the frequency of CGH 'alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (fable I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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Fig. 2. Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 
monitoring. The aberration is shown as a numerical -fold change in ratio between invasive tumors 827 (A) and 733 (♦ ) and their non-invasive 
counterparts 532 and 335. The expression change was taken from the Expression line to the right in Fig. 1. which depicts the resulting 
expression change for a given chromosomal region. At least half of the mRNAs from a given region have to be either up- or down-regulated 
to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81 %; see 
Table I, bottom). Because the ability to observe reduced or 
Increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2)CFor both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2), Similar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1.6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Microsatellite-based Detection of Minor Areas of Loss- 
es -In TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1 , TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in-, 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
• (Fig. 1A). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D1 1S1760, D1 1S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15:5, 12p11, 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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Fig. 3. Microsateilite analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome 1q25, detected 
(a) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 in Fig. 1), (b) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c)at chromosome 2p23 by D2S2251 close 
to general ^-spectrin (gene number 1 1 on Fig. 1) and of (d) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1 118 
close to mitochondrial 3-oxoacyl-coenzyrne A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes (A/), and the lower curves show the 
electropherogram' from tumor DNA (7). In all cases one allele is 
partially lost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsateilite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels- 
2D-PAGE analysis, in combination with Coomassie Brilliant 
Blue and/or silver staining, was carried out on all four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Fig. 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered in level or up- or down-regulated {horizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene [vertical axis). A, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the Invasive tumors (along horizontal axis) or 
as absent in non-invasive reference (fop of figure). Two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (WO) were scaled without suppression. Both compari- 
sons showed highly significant Ip < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
left), phosphoglucomutase 1 , glutathione transferase class n number 
4, tatty acid-binding protein homologue, cytokeratin 15. and cyto- 
keratin 13; S (from left), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 13, and calcyclin; C (from left), «-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-t. and 
pre T mRNA splicing factor; D, mesothelial keratin K7 (type II); E (from 
top), glutathione S-transferase-ir and mesothelial keratin K7 (type II); 
F (from fop and left), adenylyt cyclase-associated protein, E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal y-actin, hnRNP A1, integral membrane protein calnexin 
(IP90), hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucledprotein MB, 
translationally controlled tumor protein, liver glyceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na.K- 
ATPase f}-1 subunit; G, (from fop and left), TCP20. calgizzarin, 70- 
kDa heat shock protein, calnexin, hnRNP H, cytokeratin 15, ATP 
synthase, keratin 1 9, triosephosphate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-rc. and keratin 8; H (from left), plasma gelsolin, autoantigen cal- 
reticulin. thioredoxin, and NAD~-dependen1 15 hydroxyprostaglandin 
dehydrogenase; / (from top), prolyl 4-hydroxylase (3-subunit, cyto- 
keratin 20, cytokeratin 17. prohibition, and fructose 1,6-biphos- 
phatase; J annexin II; K, annexin IV; L (from fop and left), 90-kDa heat 
shock protein, prolyl 4-hydroxylase (3-subunit, a-enolase, GRP 78, 
cyclophilin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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Fig. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
(/eft) and the oligonucleotide array {right) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827 (red annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array {red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds to 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure {left) show levels of PA-FABP and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). IEF, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

11 chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1. Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
and losses on gene expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 
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" In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be demethylated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal . aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-, 9q-, 1q + , Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q-, 1q+, 5p+, 8q + , 
17q+, and 20q+ (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, respectively. Likewise, the two minimal invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1 q22-24 
amplification (seen in both tumors), 1 1q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p-, often 
linked to 20q+ and 11 q13 <• (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuploidy and cannot predict whether 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D-PAGE (25), and a moderate correla- 
tion was recently reported by Ideker ef a/. (26) in yeast. 
. Interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript': One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to de'iect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mBNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry- to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments'(2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few or the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breBSt cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent amplicons, ranging in size from 0.2 lo 12 
Mb. Throughout the genome, both high- and low-level copy number 
changes had a substantial impact on gene expression, with 44% or the 
highly amplified genes showing nvercxpression and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets Tor genomic alterations, including the HOXR7 gene, 
the presence of which in a novel amplicon at I7(|21.3 was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose ovcrexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
or breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought lo underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripls and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstraled bv the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Copy number ratio 




Expression ratio 

F.g I . Impact of nenc copy number on global gene expression levels. A. percentage of 
over- and undcre.vprcsscd genes (Y axis) according to copy number ratios (X ayri). 
Threshold values used for over- and undoreiprcssion were >2.I84 (global upper 7% ol 
the cl)S A ratios) and <0.482ti (global lower 7% of the expression ratios). B. percentage 
of amplified and deleted genes according to ^expr ession ratios. Threshold values for 
amplification and deletion were >1.5 and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

VVc hypothesized thai genome-wide identification of those gene 
expression changes thai are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (b) identify and characterize those genes whose mRNA expres- 



* The abbreviations used are: CGH, comparative genomic hybridization; FISH 
rescencc in situ hybridi/.atiou; RT-PCR. reverse mmscriplion-PCR. 
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:. A, chromosomal CGH analysis of MCF-7. The copy number ratio profile (blue 
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Fig. 2. Gcnomc-widc copy number and expression analysis in Ihc MCF-7 breast canccrwll line. 
line) across the entire 

and green line, a ratio .... _ . . - - .... , • „ 

of the cDNA clones alonn the human genome. In fl, individual data points are connected wiih a line, and u moving - . , ,,,,„„ 

e^^mber ratio of I fX In C. individual data poini are labeled by color coding aeeordin e to cDKA expression ratios. . Tte bjh, ■red ^"iTl^^oT^^^ 
"he ne™, 5% of the expression ratios in MCF-7 «... (overexposed genes); «*» green *»* .n*c.re the lowest 2%. and *, kjreen 
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°t™. ■.;„., If!! In A individual data noints are connected with a line, and a moving median of 10 adjacent clones ts shown. Red hanzomal line the 



(underexpressed genes); the rest of the observations are shown with black crosses. The chromosome numbers arc 
indicated with a dashed line. 



shown at the bottom of the figure, and chromosome boundaries arc 



sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND METHODS 

Breast Cancer Cell Lines. Fourteen breasl cancer cell lines (BT-20. BT- 
474. HCC1428. Hs578t. MCF7, MDA-361. MDA-436, MDA-453, MDA-46S, 
SKBR-3, T-47D, UACC812, ZR-7S-1, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas. VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13.824 cDNA clones on glass slides were 
perfomied as described (1 1-13). Of these clones, 244 represented uncharac- 
terired expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14. 
15). Briefly, 20 u.g of genomic DNA from breasl cancer cell lines and noimal 
human WBCs were digested for 14-18 h with Alul and Rsa\ (Life Technol- 
ogies, Inc., Rockville, MD) and purified' by phenol/chloroform cxlractinn. Six 
Mg of digested cell line DNAs were labeled with Cy3-dUTP (Amershant 
Pharmacia) and normal DNA with Cy5-dUTP (Amcrsham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization ( 14, 15) and 
posrhybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Slratagene, 
La Jolla, CA) was used in all experiments. Forty u.g of reference RNA were 
labeled with Cy3-dUTP and 3.5 u.g of lest mRNA with Cy5-dUTP. and the 
labeled cDNAs were hybridized on microarrays as described (13, 15). For bolh 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alio, CA) was used to measure the fluorescence intensities at the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by ihc 
average intensity or the corresponding clone in the control hybridization. Kir 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on ihc array and for the expression analysis 
on ihc basis of 8S housekeeping genus, which were spoiled four limes onto the 
array. Low quality measurements (i.e., copy number data with mean reference 
intensity <100 fluorescent units, and expression daia with bolh lesl and 
reference intensity <1()() fluorescent units and/or with spot size <50 onus) 

624 



were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define nirpoinls for increased' 
decreased copy number. Genes with CGH ratio >l.43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.7J (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
ihc influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and nonnalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
•that was labeled 1 for amplification (ratio, > 1 .43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signal-to-noise 
statistics (1) We calculated a weight. w x . for each gene as follows: 



where m„. <T„, and m^, o^ denote the means and SDs for the expression 
levels for amplified and nonamplificd cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than die original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization cif cDNA Clones and Amplicnn Mapping. Each 
cDNA clone on the microarray was assigned lo a Unigcne cluster using the 
Unigene Build 141° A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Sanui Cruz's GoldenPuih database. 7 The chromosome and 
bp positions for each cDMA clone were then retrieved by relating these data 
sets. Amplic.ms were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at leasl three 
adjaceril clones in a single cell line. The amplicon stan and end positions were 



'■ Internet addiess: Imp77researi.h.nhgri.nili.uovmiieroan-ay/dov,nloa.lablc_ciinn.himl. 
' Internet address: www. genome. uese.edu. 
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Tabic I Summary of independent amplicons in 
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Location 


Start (Mb) 


End (Mb) 


Size .(Mb) 


1 p ) 3 


1 3^ 79 


132.94 


0.2 


Iq21 


1 73.92 


177.25 


3.3 


Iq22 


1 79 28 


179.57 


0.3 


3pl4 


7 1 .94 


74.66 


2.7 


7pl2.l-7pl X.2 


55.62 


60.95 


5.3 


7q31 


1 25.73 


130.96 


5.2 


7q32 


140.01 


140.68' 


0.7 


n - 1 II Q ^ 1 I'l 

Sq2l.l l-ttq-l.l 3 




92.46 


6.0 


Sq2 1 .3 


98.45 


103.05 


4.6 


8q23.3-8q24.l4 


129.88 


142.15 


12.3 


8q24.22 


151.21 


152.16 


1.0 


9pl3 


38.65 


39.25 


0.6 


13q22-q3 1 


77.15 


8 1 .38 


4.2 


16q22 


86.70 


87.62 


0.9 


17qll 


29.30 


30.85 


1.6 


!7ql2-q2l.2 


39.79 


42.80 


3.0 


I7q21.32-q2l.33 


52.47 


55.80 


3.3 


I7q22-q23.3 


63.81 


69.70 


5.9 


I7q23.3-q24.3 


69.93 


74.99 


5.1 


I9ql3 


40.63 


4 1.40 


0.8 


20ql 1.22 


34.59 


35.85 


1.3 


20ql3.l2 


44.00 


45.62 


1.6 


20ql3.l2--ql3.l3 


46.45 


49.43 


3.0 


20ql3.2-ql3.32 


51.32 


59.12 


7.8 



CGH were validated, with Iq2l. I7ql2-q2l.2, 17q22-q23, 20ql3.l, 
and 20ql 3,2 regions being most commonly amplified. Furthermore, 
the boundaries of these amplicons were precisely delineated. In ad- 
dition, novel amplicons were identified at 9pl 3 (38.65-39.25 Mb), 
and 17q2 1.3 (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a genc-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at 1 pi 3, 17q22-q23, and 20ql3 were highly ovcrcx- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pl l~pl2 (Fig. 3/1). In BT-474, the two known amplicons 
at I7ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 3B). In addition, several genes, including the 
homeobox genes HOXB2 and HOXB7, were highly amplified in a 
previously undescribed independent amplicon at I7q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. IB. inset) 
as well as overexpressed (as verified by RT-PCR. data not shown) 
j n iiT-474. UACC812. and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonamplified clones (ratio. <I.S). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone R.P1 1-361 KK was la- 
beled with SpecirumOrange (Vysis. Downers Grove, IL). and Spccirum- 
Orange-labeled probe Tor EGFR was obtained ' from Vysis. SpectrumGrecn- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the NIH. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank tesi. 

RT-PCR. The HO.XB7 expression level was determined relative to 
CAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, Wl) with 10 ng of inRNA 
as a template. HOXB7 primers were S'-GAGCAOAGGGACTCGGACTT-.V 
and .V-GCGTCAGGTAGCGATTGTAG-.V. 

RESULTS 

Global Effect of Copy Number on Gene Repression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e.. belonged to 
the global upper 7% of expression ratios), compared with only 6% lor 
gents with normal copy number levels (Fig. I A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio. >10) 
showed increased copy number (Fig. \B). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer. amplicons, spanning from 0.2 to 12 Mb of DNA (Tabic 
1). Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotation of gene expression diilH on CGH microarray profiles. A. genus in the 
7|il I -pi 2 amplicon in the MDA-468 cell line are highly expressed Iretl duts) and include 
the F.CiFH oncogene. U. several genes in the 17ql2. I7q2l.3. and 1 7q23 amplicons in the 
DT-474 hrcasr cancer cell line are highly ovcroxprcsst-d (/■«/) and include the HOXB7 
gene. The data labels and color coding arc as indicated for Fig. 2C. Insets show 
chromosomal CGH profiles Tor the corresponding chromosomes and validation of the 
increased copy numhcT by interphase FISH using EGFR ire(l) are! chromosome 7 
centromere probe l)>rnm) to MDA-468 (A) and //OAW-specific probe {reel) and chro- 
mosome 17 centromere Igrccn) In BT-474 cells [By 
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Fig. 4. List of 50 genes with a statistically 
significant correlation (u value <0.05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the a value for each 
gene arc indicated. The genes have been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the M cell lines. The 
key to the color code is shown at the baltom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. B. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P ~ 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a fiinction of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology' data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) arc implicated in apoptosis. cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in > 1 000 publications applying CGH* (9, 10), as well 
as in a large number or other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15. 1 ( )-2I). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 
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level copy number increase. Low-level copy number gains and kisses 
also had a significanl influence on expression levels of genes in ihc 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than thai of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at I7q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggesi that 
■ HOXB7 contributes to rumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing -2% of all genes on the array), including noi only 
previously described amplified genes, such as HER-2, MYC, 
EGl-'R, ribosomal protein s6 kinase, and AJBS, but also numerous 
novel genes such as NRAS-related gene (lpl 3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would noi expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could direclly imply a possible role in cancer progression. 
Therefore, a detailed characterization of ihese genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, wc demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (i) a high-resolution map of 24 independent 
amplicons in breast cancer; and (e) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel arnplicon at 
17q21.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXU 7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 
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Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
(e.g.. FGFR1 (Sp'll), MYC (Sq24), CCND1 (Hql3), ER.BH2 
()7ql2), and ZNF217 (2()ql3)j and tumor suppressor genes 
[RBI (13u,14) and TP53 (I7pl3)j, the relevant gene(s') within 
other regions (e.g., gain of lq. 8q22. and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer, in this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. Frorn 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Lines. Primary breast tumors were predominantly 
large (>3 cm), intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et «/. (7). with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. "Test" DNA 
(from tumors and cell lines) was fluorescently labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6,69] 
different mapped human genes (i.e., UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arTays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to.0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
That deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (sec Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles arc 
displayed as a moving average (symmetric 5-nearesl neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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Fig 1 Genome-wide measurement of DNA copy number alteration by array CGH. (a) DNA copy number profiles aie illustrated for cell l.nes contaimngdif feront 
numbers of X chromosomes, for breast cancer cell lines, and for breast tumors. Each row represents a different cell line or tumor, and each column represents 
one of 6 691 different mapped human genes present on the microarray. ordered by genome map position from 1 pterthrough Xqter. Moving average (symmetric 
5-nearest neighbors) fluorescence ratios (test/reference) are depicted using a log r based pseudocolor scale (indicated), such that red lummescence reflects 
fold-amplification, green luminescence reflects fold-deletion, and black indicates no change (gray indicates poorly measured data), (b) Enlarged view of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different numbers of X chromosomes. 



identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA mieroarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Method 1 ! for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. \b), as we did before 
(7), demonstrated the sensitivity of our method to detect single- 
copy loss (45, XO), and 1.5- (47.XXX), 2- (48.XXXX), or 
2.5-fold (49.XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within lq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%. IOO%/47%, 100%/60%, and 90%/44%, respective- 
ly), as were losses within lp, 3 p. rip, and 13q (80%/24%, 
80%/22%, H0%/22%. and 70%/18%, respectively); consistent 
with published cytogenetic studies (refs. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P = 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P = 0.04), and harboring TP53 mutations (P = 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 24 1 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification: 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBK3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12). we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20. can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site). «. 

For a subset of breast cancer cell lines and tumors (4 and 37. g 
respectively), and a subset of arrayed genes (6,0y5), mRNA £ 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 



Pollack et a/. 



PNAS | October 1, 2002 | vol. 99 j no. 20 I 12965 



MCF7 
8T474 
1470 

NORWAY 87 
NORWAY 7 
NORWAY I0B 
NORWAY 38 
NORWAY 100 
NORWAY 111 
NORWAY 17 
STANFORD 38 
STANFORD 35 
NORWAY 1 If 
STANFORD ? 
STANFORD A 
NORWAY 53 
NORWAY 61 
NORWAY 57 
NORWAY 47 
rpflWAY26 
NORWAY 101 
NORWAY 48 
NORWAY 14 
NORWAY 16 
NORWAY 41 
NORWAY 66 
NORWAY 16 
STANFORD 23 
NORWAY 16 
NORWAY 16 
NORWAY 56 
STANFORD 16 
STANFORD 14 
NORWAY 13 
STANFORD 24 
STANFORD 1 7 
NORWAY 104 
NORWAY 10 
NORY/AY11 
NORWAY 109 




17pter cen 17 " ,er 
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of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome. 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes). 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
arc found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA delelion and lower- 



level amplification (in addition to high-level amplification) arc- 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (/■'values for pair-wise Students 
( tests comparing adjacent classes: cell lines, 4 x 10 49 , 1 x 10 
5 x 10 s , 1 x 1()- J ; tumors. 1 X 1CT 4J . 1 x lO' 214 . 5 X 10" 4 '. 
1 x 10" 4 ). A linear regression of the average log(DNA copy 
number), for each class, against average logfmRNA level) 
demonstrated thai on average, a 2-fold change in DNA copy 
number was accompanied by 1 .4- and 1.5-fold changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero This shift is statistically significant, as evidenced in a' plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copv number and mRNA level (the right tail of the distribution 
in Fig. 4/;) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of ail variation measured in mRNA levels among the 37 
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Fig 4 Genome-wide influence of DNA copy number alterations on mRNA levels, (a) For breast cancer cell lines (gray) and tumor samples (black), both 
mean-centered mRNA fluorescence ratio (log, scale) quartiles (box plots indicate 2Sth. SOth, and 75th percentile) and averages (diamonds; y-value error bars 
indicate standard errors of the mean) are plotted for each of five classes of genes, rep.esenting DNA deletion (tumor/normal rat,o < 0.8), no change (0.8-1.?). 
low- (1 2-2) medium- (2- 4) and high-level <>«) amplification. P values for pair-wise Student's t tests, comparing averages between adjacent classes (moving 
left Wright) are4 x 10", 1 < 10-' *S x 10"'. 1 x 10-' (cell lines), and 1 x 10 1 * 10-'-. 5 * 10-', 1 x> 10- (tumors). (W Distribution of correlations between 
DNA copy number and mRNA levels, for 6,095 different human genes across 37 breast tumor samples, (c) Plot of observed versus expected correlation coeff .dents. 
The expected values were obtained by randomisation of the sample labels in Ihe DNA copy number data set. The line of unity is mclcated. (cO Percent variance 



i gene expression (among tumors) directly explained by variation in gene copy 



number. Percent variance explained (black line) and fraction of data retained 



(gray line) are plotted for different fluorescence intensity/background (a rough surrogate for signal/noise) cutoff values. Fraction of data retained ,s relative 
to the 1 2 intensity/background cutoff. Details of the linear regression model used to estimate the fraction of variation in gene expression attributable to 
underlying DNA copy number alteration can be found in the supporting information (see estimating the Friction of Vanatvor, m Gene Expression Ambutable 
to Underlying DNA Copy Number Alteration). 



lumors lhat could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. 4ri). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence iniensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. 4d). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes, by ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of Ihe genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely undcrcstimaling the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generalizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copv number and gene expression in cancer cells. In 
agreement' with our findings. Phillips el cil. (14) have shown that 
with the acquisition of tutnorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer cl ul. (15) recently reported that in metastatic 
colon tumors only -4% of genes within amplified regions were 
found more highly (>2-fold) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflecl methodological differences between the 
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studies. For example, the study of Platzer el al. (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overealling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests thai 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannol alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape (to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigencsis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochiometric relationships in cell metabolism and physiology 
(e.g., proteosomc, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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HER-2/neu Breast Cancer Predictive Testing 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases theiT survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(1HC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
titfh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (< 1 cm) rumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1 549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set oT women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin© (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpression using HercepTest™. 
Studies using Herceptin e in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin© in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 x2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
88291 Cytogenetics and molecular cytogenetics, interpre- 
tation and report 

Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest®. The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymeT backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion ©f the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 17ql 1.2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 lo the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
lo increased gene copy number on the two chromosome 17 
homologues normally present or an. increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph') has been observed In cells of multiple hematopoietic 
lineages. This translocation creates a chimeric gene composed 
of breakpoint-cluster-reglon (bcr) sequences from chromosome 
22 fused to a portion of the qbl oncogene on chromosome 9. The 
resulting gene product (P210'"* 111 ) resembles the transforming 
protein of the Abelson murine leukemia virus in Its structure 
and tyrosine kinase activity. P210 c " ,w Is expressed In Ph 1 - 
positive cell lines of myeloid lineage and In clinical specimens 
with myeloid predominance. We show here that Epstetn-Barr 
virus-transformed B-lymphocyte lines that retain Ph 1 can 
express P210 c,,bl . The level of expression in these B-cell lines Is 
generally lower and more variable 'than that observed for 
myeloid lines. Protein expression Is not related to amplification 
of the abl gene but to variation In the level of bcr-abl mRNA 
produced from a single Ph 1 template. 



Chronic myelogenous leukemia (CML) is a disease of the 
pluripotent stem cell (1). In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long arms of chromosomes 
9 and 22 has been used as a disease-specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B-lymphoid, contain Ph 1 in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease. 

One molecular consequence of Ph' is the translocation of 
the chromosomal arm containing the c-abl gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6).' Although the precise 
translocation breakpoints are variable, an RNA-splicing 
mechanism generates a very similar 8-kilobase (kb) mRNA in 
each case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abl oncogene product, called 
P2jne-«t>i (10-13), with an amino-terniinal segment derived 
from a portion of the exons of bcr on chromosome 22 and a 
carboxyl-terminal segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P210 c " b ' is similar to the 
structure of the Abelson murine leukemia virus gag-abl 
genome and resulting P160 v '* 1 ' 1 transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of the c-abl 
gene product (15). 
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In concert with structural modification of the amino- 
terminal portion of the abl gene, increased level of expression 
has been implicated in activation of c-abl oncogenic poten- 
tial. Myeloid and erythroid cell lines and clinical samples 
derived from acute-phase CML patients contain about 10- 
fold higher levels of the 8-kb bcr-abl mRNA* and P210 c " bl than 
the c-abl mRNA forms (6 and 7 kb) and P145 c,bl gene product 
(5, 8, 9, li). The higher level of expression of the chimeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4.5-kb and 6.7-kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c-abl messages (5, 6). 

We have analyzed a series of Epstein-Ban virus-immor- 
talized B-lymphoid cell lines derived from CML patients (16). 
With such in vitro clonal cell lines, we can evaluate whether 
the presence of Ph 1 always results in synthesis of the chimeric 
bcr-abl message and protein, and whether the quantitative 
expression varies for cells of B-lymphoid lineage as com- 
pared to previously examined myeloid cell, lines. Our results 
show that cell lines that retain Ph' do express bcr-abl message 
and protein, but that the level is generally lower and more 
variable than previously seen for myeloid cell lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P210" : "'' bl suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-qbl gene in different cell types or 
subclones that derive from the affected stem cell. 

MATERIALS AND METHODS 

Cells and Cell Labelings. Epstein-Barr virus-transformed 
B-lymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase CML patients as report- 
ed (16). The cell lines are designated according to patient 
number, karyotype, and lineage. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cel! line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph' just prior to analysis for abl 
protein and RNA. Cells were maintained in RPM1 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at the time of transformation with 
Epstein-Barr virus. Cells (1 .5 x 10') were washed twice with 
Dulbccco's modified Eagle's medium lacking phosphate and 



Abbreviations; 4c/, breakpoint-cluster region; CML, chronic 
myelogenous leukemia; kb, kilobase(s). 

'Present address: Department of Genetics, University of Washing- 
ton, Seattle, WA 98195. 

'To whom correspondence shojild be addressed. 
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Table 1. Relative levels of bcr-abl expression in Epstein-Ban- 
virus-immortalized B-cell lines and myeloid CML lines 

8-kb 



Cell line* 


CML phase 1 


Ph 1 * 


P210! 


mRNA* 


SK-CML7BN-2 


BC 








SK-CML8BN-10 


Chronic 








SK-CML8BN-12 


Chronic 








SK-CML16BN-1 


Chronic 








SK-CML35BN-1 


Chronic 








SK-CML7B5-33 


BC 


+ 


+ r + 


+ + + 


SK-CML21BI-1 


Acc 


+ 


+ + + 


+ + + 


SK-CML21BI-6 


Acc 


+ 


+ + + 


+ + + 


SK-CML8Bt-3 


Chronic 


+ 


-t- 




SK-CML16BI-1 


Chronic 


4 




+ 


SK-CML35Bt-2 


Chronic 


+ 


+ 


+ 


K562 


BC 


+■ 


+ + + +.+ 


+ + + + + 


BV173 


BC 


+ 


+ + + + + 


+ + + + + 


EM2 


BC 


-f 


+ + + + + 


+ + + + + 



•Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described (16). Names of cell lines indicate 
patient number and Ph 1 status: SK-CML7BI indicates a cell line 
derived from patient 7 that carries the 9;22 Ph 1 translocation: N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV173) are described in previous publications (9, U, 22. 
33). 

'Status of patient at the time cell line was derived. BC, blast ensis; 
Acc, accelerated phase. 

'Presence (+) or absence (-) of Pb l as demonstrated by karyotypic 
or Southern blot analysis. 

'P210"*" detected as described in legend to Fig. 1. B-ccl! lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3- to 5-fold higher (+ + +) than levels of P145. Chronic- 
phase-derived cell lines had P210 levels lower than or just equivalent 
(+) to the level of P145. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+ + + + + ). 

^Eight-kilobase bcr-abl mRNA detected as described in legend to 
Fig. 2. Symbols: x, borderline detectable; ++ + + + , level of 8-kb 
mRNA 5- to 10-fold higher than that of the 6- and 7-kb c-oM mRNA 
species; + + + , level of 8-kb mRNA 3- to 5-fold higher than thai of 
the 6- and 7-kb species; + , a level approximately equivalent to that 
of the 6- and 7-kb messages. 

data not shown). There was no difference in the copy number 
of oi/-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of P210 c " abl detected. This could be mediated 



if/ ,£V , 'fe 



— PZ10 



— P145 



Fig. 2. Analysis of steady-state abl protein levels by immuno- 
blotting, Cell extracts prepared from 2 x 10' cells of lines SK- 
CML7BN-2 (/»,-), SK-CML7BI-33 (/,+), SK-CML8BN-10 (B,-). 
and SK-CML8BI-3 (i?, + ) were, concentrated by immunoprecip- 
itation with anli-pEX-2 plus anti-pEX-5. Samples were then electro- 
phoresed in a NaDodSO</8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-facilitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX-2 and pEX-5 afc/-prolein fragments produced in 
bacteria (19) as a probe and a peroxidase-conjugated goal anti-mouse 
second-stage antibody (Bio-Rad) for development. 



+ 



C 
+ 



kb 

- 8 

- 7 



Fig. 3. Comparison of abl RNA levels in Ph'-positive and 
-negative B-cell lines. The levels of the normal 6- and 7-kb c-abl 
RNAs and the 8-kb bcr-abl RNA were analyzed by blot hybridization 
using a v-abl probe. RNA was extracted from Ph'-negalive lines 
SK-CML7BN-2 (A,-) and SK-CML16BN-1 (fl,-). from Ph'-pos- 
itive lines SK-CML6BI-33 (A,+) and SK-CML16BI-3 (fl,+), and 
from line K562 (C,+) by the NaDodS0 4 /urea/phenol method (20). 
Polyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 fig of each sample was clectrophoresed in a 1% 
agarose/formaldehyde gel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nickaranslaled v-abl fragment 
probe (21) and then autoradiographed for 4 days. 



by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph 1 is not 
• the primary event that affects the stem cell in CML. Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of G6PD (glucose-6-phosphate dehy- 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clonality by isozyme analysis among cell 






kb 
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— 24.0 
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— 8.1 


■7 j 


— 4.2 




Flo. 4. Southern blot analysis of abl sequences in Ph'-positive 
and -negative B-cell lines. High molecular weight DNA (15 jig) was 
digested with restriction endonuclease BcimHl, separated in a 0.8% 
agarose gel, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb Bgl II v-abl 
fragment (1.5 x 10* cpm/p.g; ref. 21) and exposed for 4 days. (A) 
Autoradiogram of aW-specific fragments in cell lines HL-60 (lane 1), 
EM 2 (lane 2), K562 (lane 3), SK-CML7BI-33 (lane 4), SK-CML8Bt-3 
(lane 5), SK-CML16BM (lane 6), SK-CML21Bt-6 (lane 7), SK- 
CML35BI-2 (lane 8), SK-CML7BN-2 (lane 9), SK-CML8BN-2 (lane 
10), and SK-CML35BN-1 (lane 11). (B) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose, showing the level of 
variation in amount of DNA loaded per lane. 
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populations that lack the Ph 1 marker, supports a secondary 
or complementary role for Ph' in the progression of the 
disease (24, 25). This chromosome marker is found in 
chronic, accelerated, and blast-crisis phases of the disease. It 
is likely' that Ph' confers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral blood even in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph 1 , a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abl protein with functional 
characteristics and structure analogous to the gag-abl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important role of Ph 1 in the 
pathogenesis of CML. Although the Abelson virus is gener- 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the v-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene , expression is complex 
because the 5' end of the gene is derived from the non-a£>/ 
sequences, bcr, normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normal abi gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with bcr. Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of frc/u-acting factors that occur during evolution of 
the disease. Our analysis of P210 c - ,bl and the 8-kb mRNA in 
Epstein-Barr virus-transformed Ph'-positive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification But more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells. Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
P210 c " bl one-fifth that of P145 c "" bl , as detected by metabolic 
labeling with ("Pjorthophosphate and immunoprecipitation 
(S.C, O.N.W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chronic- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chronic-phase patients with vari- 
able but, in some cases, relatively high levels of the bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P2lO c-,bl expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Ph'-positive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 c -' bl in those 
derived from patio v at more advanced stages of the disease. 
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It will be important to search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 . 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family; Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressive promoter, aod (if) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RjNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. W1SP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colou tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20qJ2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the iVISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysleinc-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-30) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-30, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or 0-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnl signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnl signaling. Among the candidate Wnt target genes are 
those encoding the nodal-relaied 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-0 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xlwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that arc relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtraetive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
arid rcfraclilc celLs that lose contact inhibition and form a 
■ multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, H'ISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH, SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CT.ONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtraetive hybridization; 
VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AFI00777, 
AFI00778, AFI00779, AF100780, and AF10078J). 
iTo whom reprint requests should be addressed, e-mail: diane@gene. 
com . 



I -17 1 7 




14718 Cell Biology, Medical Sciences: Pennica et al. • 

cDNA was synthesized from 2 fig of po!y(A) + RNA isolated 
from the.C57MG/Wnt-l cell line and driver cDNA from 2 jig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDN A library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-} 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding W1SP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraIdehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-iabeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corte-" 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WlSP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ainplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 ( a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation fluorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCI cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of IW/'s and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Genc-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<^i) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The f-KASP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-I and WISP-2 by SSH. To identify Wnl- 
1 -inducible genes, wc used t he technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnl-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcriptiori-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible. promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
- and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells al 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hi" after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnl-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse.and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of •=40,000 (Af r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~27,000 (M, 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linkcd glycosylation sites, and mouse WISP-2 has one at 

CS7MQ 



Parenl Wntl Wni-4 




Fig. 1. WISP-1 and WISP-1 are induced by Wnt-1, bin not Wnt-4, 
expression in C57MG cells. Northern analysis of W1SI'-1 (A) and 
WISP-2 (8) expression in C57MG, C57MG/Wn(- 1, and C57MC/ 
Wnt-4 cells. PolyfA)' 1 RNA (2 iij>) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp H7S/'-2-spccific probe (nucleotides 
1438-1627) in the V untranslated region. Blots were rehybridized with 
human /t-actin probe. 



X 



Cell Biology, Medical Sciences: Pennies el al. 



9 



l J mc. Nail. Acad. Sci. USA 95 (1998) 14719 



hum— .WBP-I 



:QGg3™ : JS]-G3:[S:ij MO 



ImnnWBM 



hum«v.ws»-t ml 



B. 



— « — TCT Da mt 



— — -WCO— i- 



Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP- 1 (A) and mouse and human WISP-2{B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP- 1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WiSP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WTSP-3. A full-length human 
WISP-3 cDNA of 1.371 bp was isolated corresponding to (hose 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293.' WISP-3 has two potential Nlinked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WlSP-1 and 32% identity with. WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gcne.Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to. the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenie factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnl-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteinc-rich domains 
(Fig. 3.8) (21 ). The Nrterniinal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CX.XC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (/f) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 thai are noi 
present in WISP-3 are indicated wild a dot. (B) Schematic represen- 
tation of the WISP proieins showing the domain structure and cysteine 
residues (vertical lines). The fourcysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CrGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also, found in certain 
collagcns and mucins, covers the next lOcysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24) The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (F'ig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WS.xCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought lo be involved in 
dirnerizalion and receptor binding (26). The CT domain is 
present in. all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and H). The existence of a putative 
signal sequence and die absence of a transmembrane domain 
suggest thai WISPs arc secreted proieins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP- 1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A, C, E, and C) Representative hematoxylin/eosin-slained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP- 1 expression are shown in [i and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and 
expression of WISP- 1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and mmor cells arc negative, 
l-ocal expression of WISP-1. however, was observed in tumor cells in 
some areas, linages of WISP-2 expiession are shown in E-H. At low- 
power (P. and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (C and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the mciotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-rriyc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = l',000) on 
chromosome 20ql2-20ql3. 1 . Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
Cl'GF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-nryc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PGR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-m_yc gene is not part of the amplicon that 
involves the WISP- 1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PGR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 





Fir;. 5. Amplification of H-ZSP-I genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCM. (Is) Southern blots containing genomic PNA (10 jig) 
digested with FcaR\ (WISP-!) oi AV.v/l (r-myc) were hybridized with 
a 100-bp human WISI'-'l probe (amino acids 186-21')) or a human 
c-myc probe, (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA alter a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three limes. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2 : to > 25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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f\Q. 1. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from I lie same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by' 
quantitative PCR. The Dukes stage of the tumor is lisied under the 
sample number. The data are means £ SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
•1- to >40-fold. 

DISCUSSION . 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wm-1. 

Three of the genes isolated, WISP-1, WISP-2. and WISP-3, 
are members of the CCN family of growth factors, which 
includes CPGI', Cyrbl, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a telracylinc-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
vims middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations; 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the ITOft are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1. transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
sienaling turning on a transcription factor, which in turn 
re'gulates WISPs.. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present, in CTGF, CyrfSl, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dirners (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dirners, whereas WISP-2' 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin « v ft serves as 
an adhesion receptor for Cyr6l (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumOr stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts lor the related CTGF gene are pri- 
marily expressed in the. fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in 'mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary lurnor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply W1SP-1 and 
W1SP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of W1SP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP- 1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20qJ3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is. possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes-the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and 0-caienin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 
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Baker for technical assistance, P. Dowd for radiation hybrid mapping, 
K. Willerl and R.Nusse for the tet-repressible C57MG/\Vnt-l cells, V. 
Dixit for discussions, and D. Wood and A. Bruce for artwork. 
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ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph ( ) has been observed in cells of multiple hematopoietic 
lineages. This translocation creates a chimeric gene composed 
of breakpolnt-clnster-reglon {bcr) sequences from chromosome 
22 fused to a portion of the abl oncogene on chromosome 9. The 
resulting gene product (P210 , " lbl ) resembles the transforming 
protein of the Abelson murine leukemia virus in its structure 
and tyrosine kinase activity. P210 c "* l>l Is expressed in Ph 1 - 
positive cell lines of myeloid lineage and In clinical specimens 
with myeloid predominance. We show here that Epstein-Barr 
virus-transformed B-lymphocyte lines that' retain Ph 1 can 
express P210 ty * w , The level of expression in these B-cell lines is 
generally lower and more variable than that observed for 
myeloid tines. Protein expression is not related to amplification 
of the abl gene but to variation in the level of bcr-abl mRNA 
produced from a single Ph 1 template. 



Chronic- myelogenous leukemia (CML) is a disease of the 
pluripotent stem cell (1). In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long arms of chromosomes 
9 and 22 has been used as a disease-specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B-lymphoid, contain Ph 1 in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease. 

One molecular consequence of Ph 1 is the translocation of 
the chromosomal arm containing the c-abl gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6).' Although the precise 
translocation breakpoints are variable, an RNA-splicing 
mechanism generates a very similar 8-kilobase (kb) mRNA. in 
each case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abl oncogene product, called 
P2iQc^bi (10-13), with an amino-tertninal segment derived 
from a portion of the exons of bcr on chromosome 22 and a 
carboxyl-terminal segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P210^"* bl is similar to the 
structure of the Abelson murine leukemia virus gag-abl 
genome and resulting P160"" sb ' transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of. the c-abl 
gene product (15). 
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In concert with structural modification of the amino- 
terminal portion of the abl gene, increased level of expression 
has been implicated in activation of c-abl oncogenic poten- 
tial. Myeloid and erythrojd cell lines and Clinical samples 
derived from acute-phase CML patients contain about 10- 
fold higher levels of the 8-kb bcr-abl mRNA and P210 C -" N than 
the c-abl mRNA forms (6 and 7 kb) and P145 c "* t>1 gene product 
(5, 8, 9, li). The higher level of expression of the chimeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4.5-kb and 6.7-kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c-abl messages (5, 6). 

We have analyzed a series of Epstein-Barr virus-immor- 
talized B-lymphoid cell lines derived from CML patients (16). 
With such in vitro clonal cell lines, we can evaluate whether 
the presence of Ph 1 always results in synthesis of the chimeric 
bcr-abt message and protein, and whether the quantitative 
expression varies for cells of B-lymphoid lineage as com- 
pared to previously examined myeloid cell lines. Our results 
Show that cell lines that retain Ph* do express bcr-abl message 
and protein, but that the level is generally lower and more 
variable than previously seen for myeloid cell lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P21Q C '"^ suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-abl gene in different cell types or 
subclones that derive from the affected stem cell. 

MATERIALS AND METHODS 

Cells and Cell Labellngs. Epstein-Barr virus-transformed 
B-lymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase CML patients as report- 
ed (16). The cell lines are designated according to patient 
number, karyotype, . and lineage.. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cell line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph 1 just prior to analysis for abl 
protein and RNA. Cells were maintained in RPMI 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at the time of transformation with 
Epstein-Barr virus. Cells (1.5 x 10 7 ) were washed twice with 
Duibecco's modified Eagle's medium lacking phosphate and 



Abbreviations: bcr, breakpoint-cluster region^ CML, chronic 
myelogenous leukemia; kb, kilobase(s). 
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Table X. Relative levels of bcr-abl expression in EpsteinrBarr 
virus-immortalized B-cell lines and myeloid CML lines 



8-kb 



Cell line' 


CML phase* 


Ph>* 


P210S 


mRNA* 


SK-CML7BN-2 


BC 








SK-CML8BN-10 


Chronic 








SK-CML8BN-12 


Chronic 








SK-CML16BN-1 


Chronic 








SK-CML35BN-1 


Chronic 








SK-CML7B5-33 


BC 


+ 


+ + + 


+++ 


SK-CML21BU 


Acc 


+ 


+ + + 


+++ 


SK-CML21Bt-6 


Acc 


+ 


+ + + 


+ ++ 


SK-CML8Bt-3 


Chronic 


+ 


+ 


± 


SK-CML16BI-1 


Chronic 


+ 


+ 


+ 


SK-CML35Bt-2 


Chronic 


+ 


+ 


+ 


K562 


BC 


+ 


+ + + +.+ 


+++ + + 


BV173 


BC 


+ 


+ + +++ 


+ •*-++ + 


EM2 


BC 


+ 


+ + + + + 


++++ + 



'Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described (16). Names of cell lines indicate 
patient number and Ph 1 status: SK-CML7Bt indicates a cell line 
derived from patient 7 that carries the 9;22 Ph 1 translocation; N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV173) are described in previous publications (9, 11, 22, 
33). 

'Status of patient at the time cell line was derived. BC, blast crisis; 
Acc, accelerated phase. 

^Presence (+) or absence (-) of Ph' as demonstrated by karyotypic 
or Southern blot analysis. 

;p2i0c-*u detected as described in legend to Fig. 1. B-cell lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3- to 5-fold higher (+ + +) than levels of P145, Chronic- 
phase-derived cell lines had P210 levels lower than orjust equivalent 
(+) to the level of P145. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+ + + + +). 
'Eight-kilobase bcr-abl mRNA detected as described in legend to 
Fig. 2. Symbols: ±, borderline detectable; .+++ + +, level of 8-kb 
mRNA 5- to 10-fold higher than that of the 6- and 7-kb c-oW mRNA 
species; + + + , level of 8-kb mRNA 3- to 5-fold higher than that of 
the 6- and 7-kb species; +, a level approximately equivalent to that 
of the 6- and 7-kb messages. 

data not shown). There was no difference in the copy number 
of afcZ-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of P210 M11,, detected. This could be mediated 
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+ + + 




Fic. 2. Analysis of steady-state abl protein levels by immuno- 
blotting. Cell extracts prepared from 2 x 10 7 cells of lines SK- 
CML7BN-2 (A.-). SK-CML7Bt-33 (A,+), SK-CML8BN-10 (J?,-), 
and SK-CML8Bt-3 (B,+) were concentrated by immunoprecip- 
itation with anti-pEX-2 plus anti-pEX-5. Samples were then electro- 
phoresed in a NaDodS0 4 /8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-facUitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX-2 and pEX-S ai>(-protein fragments produced in 
bacteria (19) as a probe and a peroxidase-conjugated goat anti-mouse 
second-stage antibody (Bio-Rad) for development. 
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Fio. 3. Comparison of abl RNA levels in Ph'-positive and 
-negative B-cell lines. The levels of the normal 6- and 7-kb c-abl 
RNAs and the 8-kb bcr-abl RNA were analyzed by blot hybridization 
using a v-abl probe. RNA was extracted from Ph'-negau've lines 
SK-CML7BN-2 (A,-) and SK-CML16BN-1 (B.-). from Ph'-pos- 
itive lines SK-CML6Bt-33 (A,+) and SK-CML16Bt-3 (£,+), and 
from line K562 (C,+) by the NaDodS6 4 /urea/phenol method (20). 
Potyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 /tg of each sample was electrophoresed in a 1% 
agarose/formaldehydegel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nickrtranslated v-abl fragment 
probe (21) and then autoradiographed for 4 days. 

by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph 1 is not 
the primary event that affects the stem cell in CML. Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of G6PD (glucose-6-phosphate dehy- 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clonality by isozyme analysis among cell 

A 1 2 3 4 5 6 7 8 9 .10 11 



B 




Fig. 4. Southern blot analysis of abl sequences in Ph'-positive 
and -negative B-cell lines ..High molecular weight DNA (15 ;tg) was 
digested with restriction endonuclease BamHl, separated in a 0.8% 
agarose gel, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb Bgt U v-ai/ 
fragment (1.5 x 10' cpm//tg; ref. 21) and exposed for 4 days. {A) 
Autoradiogram of aW-specific fragments in cell lines HL-60 (lane 1), 
EM2 (lane 2), K562 (lane 3), SK-CML7Bt-33 (lane 4), SK-CML8Bt-3 
(lane 5), SK-CML16BM (lane 6), SK-CML21Bt-6 (lane 7), SK- 
CML35Bt-2 (lane 8), SK-CML7BN-2 (lane 9), SK-CML8BN-2 (lane 
10), and SK-CML35BN-1 (lane 11). (JB) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose, showing the level of 
variation in amount of DNA loaded per lane. 
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populations that lack the Ph 1 marker, supports a secondary 
or complementary role for Ph 1 in the progression of the 
disease (24, 25). This chromosome marker is found in 
chronic, accelerated, and blast-crisis phases of the disease. It 
is likely that Ph 1 confers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral blood even in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph 1 , a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abt protein with functional 
characteristics and structure analogous to the gag-abl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important role of Ph 1 in the 
pathogenesis of CML. Although the Abelson virus is gener- 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the v-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene expression is complex 
because the 5' end of the gene is derived from the non-a£>/ 
sequences, bcr, normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normal abl gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with bcr. Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of wa/w-acting factors that occur during evolution of 
the disease. Our analysis of P210 c '* bl and the 8-kb mRNA in 
Epstein-Barr virus-transformed Ph'-positive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification but more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells. Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
P210 c-,bl one-fifth that of P145 c ' b ', as detected by metabolic 
labeling with [ 32 P]orthophosphate and immunoprecipitation 
(S.C., O.N.W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chronic- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chronic-phase patients with vari- 
able but, in some cases, relatively high levels ofthe bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P210 c "* bl expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Ph '-positive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 c "* bl in those 
derived from pativ v. at more advanced stages ofthe disease. 
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It will be important to . search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 . 

We thank Bonnie Hechinger and Carol Crookshank for excellent 
secretarial assistance and Margaret Newman for excellent technical 
assistance. This work was supported by grants from the National 
Institutes of Health (to O.N.W. and B.C.). J.B.K. was supported as 
a predoctoral fellow on the Public Health Service Cellular and 
Molecular Biology Training Grant GM07185. S.C. is a postdoctoral 
fellow of the Leukemia Society of America. 

1. Champlin, R. E. & Qolde, D. W. (1985) Blood 65, 1039-1047. 

2. Rowley, J. D. (1973) Nature (London) 243, 290-291. 

3. Heisterkamp, N., Stephenson, J. R., Groffen, J., Hansen, 
P. F., de Klein, A., Bartram, C. R. & Grosveld. G. (1983) 
Nature (London) 306, 239-242. 

4. Bartram, C. R., de Klein, A., Hagemeijer, A., van Agthoven, 
T., van Kessel, A. G., Bootsma, D., Grosveld, G., Ferguson- 
Smith, M. A., Davies, T., Stone, M., Heisterkamp, N., 
Stephenson. J. R. & Groffen, J. (1983) Nature (London) 306, 
277-280. 

5. Shtivelman, E., Lifshitz, B., Gale, R. P. & Canaani, D. (1985) 
Nature (London) 31S, 550-554. 

6. . Heisterkamp, N.. Stam, K. & Groffen, J. (1985) Nature 

(London) 315, 758-761. 

7. Groffen, J., Stephenson, J. R., Heisterkarip, N., de Klein, A., 
Bartram, C. R. & Grosveld. G. (1984) Cell 36, 93-99. 

8. Gale, R. P. & Canaani. E. (1984) Proc. Natl. Acad. Sci. USA 
8t, 5648-5652. 

9. Collins, S., Kubonishi, L., Miyoshi, I. & Groudine. M. T. 
(1984) Science 225, 72-74. 

10. Konopka, J. B., Watanabe, S. M. & Witte, O. N. (1984) Celt 
7, 1035-1042. 

11. Konopka, J. B., Watanabe. S. M., Singer. J., Collins, S. & 
Witte, O. N. (1985) Proc. Nail. Acad. Sci. USA 82, 1810-1814. 

12. Kloetzer, W., Kurzrock, R., Smith. L., Talpaz. M., Spiller, 
M., Gutterman, J. & Arlinghaus, R. (1985) Virology 140, 230-238. 

13. Kozbor, D., Giallongo, A., Sierzega, M. E., Konopka, J. B., 
Witte, O. N.. Showe, L. C. & Croce, C. M. (1985) Nature 
(London), in press. 

14. Davis, R. L., Konopka, J. B. & Witte, O. N. (1985) Mot. Cell 
Biol. 5, 204-213. 

15. Konopka, J. B. & Witte, O. N. (1985) Mol. Ceil. Biol 5, 
3116-3123. 

16. Nitta, M., Kato, Y., Strife, A., Wachter, M., Fried, J., Perez, 

A. . Jhanwar, S., Duigou, R., Chaganti, R. S. K. & Clarkson, 

B. (1985) Blood 66, 1053-1061. 

17. Konopka, J. B.,' Davis, J. L., Watanabe, S. M., Ponticelli, 
A. S., Schiff-Maker, L., Rosenberg, N. & Witte, O. N. (1984) 
Virology 51, 223-232. 

18. Gibson, W. (1981) Anal. Biochem. 118, 1-3. 

19. Schiff-Maker, L., Konopka, J. B., Clark, S., Witte, O. N. & 
Rosenberg, N. (1986)/. Virol. 57, 1182-1186. 

20. Schwartz, R. C, Sonenshein, G. E., Bothwel), A. & Gefter, 
M. L. (1981) J. Immunol. 126, 2104-2108. 

21. Goff, S. P., Gilboa, E., Witte, O. N. & Baltimore, D. (1980) 
Cell 22, 777-785. 

22. Collins, S. J. & Groudine, M. T. (1983) Proc. Natl. Acad. Sci. 
USA 80, 4813-4817. 

23. Selden, J. R., Emanuel, B. S., Wang, E., Cannizzaro, L., 
Palumbo, A., Erikson, J., Nowell, P. C, Rovera, G. & Croce, 

C. M. (1983) Proc. Natl. Acad. Sci. USA 80, 7289-7292. 

24. Fialkow, P. J., Martin, P. J., Najfeld. V., Penfold, G. K., 
Jacobson, R. J. & Hansen, J. A. (1981) Blood 58, 158-163. 

25. Martin, P. J., Najfeld, V. & Fialkow, P. J. (1982) Can. Gen. 
Cytogenet. 6, 359-368. 

26. Rowley, J. D. (1980) Annu. Rev. Genet. 14, 17-40. 

27. WhiUock, C. A; & Witte, O. N. (1984) Adv. Immunol. 37, 74-98. 

28. Pierce, J. H., Di Fiore, P. P., Aaronson, S. A., Potter, M., 
Pumpnrey, J., Scott, A. & Ihle, J. N. (1985) Celt 4t, 685-693. 

29. WhiUock, C. A., Ziegler, S. & Witte, O. N. (1983) Mol. Cell. 
Biol. 3, 596-604. 

30. Wolf, D.. Harris. N..& Rotter, V. (1984) Cell 38, 119-126. 

31. Klein, G. & Klein, E. (1985) Nature (London) 315, 190-195. 

32. Stam, K., Jr., Heisterkamp, N., Grosveld, G., de Klein, A., 
Verma, R., Colemen, M., Dosik, H. & Groffen, J. (1985) N. 
Engl. J. Med. 313, 1429-1433. 

33. Lozzio, C. B. & Lozzio, B. B. (1975) Blood 45, 321-334. 



s 



1862 



P. A. Haynts it at. 



Eltctnphtrult 1998, 19, 1862-1871 



Review 

Paul a. Haynes Proteoine analysis: Biological assay or data archive? 

Steven P. Gygi . > 

Daniel Flgeys j n tms rev j ew we examine the current state of proteome analysis. There are 

Ruedi Aebersold three main issues discussed: why it is necessary to study proteomes; how pro- 

teomes can be analyzed with current technology; and how proteome analysis 
Department of Molecular can be usec) (0 ennanc6 biological research. We conclude that proteome anal- 

Biotechnology, University of ys j s j s an essent j a | t 00 | j n the understanding of regulated biological systems. 

Washington, Seattle, WA, USA Current technology, while still mostly limited to the more abundant proteins, 

enables the use of proteome analysis both to establish databases of proteins 
present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in analytical 
technology. $ 

i 

Contents resolution two-dimensional gel electrophoresis (2-DE), 

, detected in the gel and identified by their amino acid 

1 Introduction sequence. The ease; sensitivity and speed with which gel- 

2 Rationale for proteome analysis 1862 araled proteins can be identified by the use of recently 

2.1 Correlation between mRNA and protein developed mass spectrometry techniques have dramati- 
expression levels .... 1863 ca n y i ncreasc d theNnterest in proteome technology. One 

2.2 Proteins are dynamically modified and pro- 0 f the most attractive features of such analyses is tbatcom- 
cessed 186. . x biological systems can potentially be studied in their 

2.3 Proteomes are dynamic and reflect the entirety, rather than as a multitude of individual compo- 
state of a biological system 1863 nefUs ms makes j( far easief (Q uncover the many com . 
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3.4 Assessment of 2-DE-MS proteome tech- carcinomas [12|, human liver [13], human plasma [13],. 
nology • ■ : • 1866 human keratinocytes [12], human fibroblasts [12], mouse 
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1 Introduction 2 Rationale for proteome analysis 

A proteome has been defined as the protein complement. The dramatic growth in both the number of genome 
expressed by the genome of an organism, or, in multicel- projects and the speed with which genome sequences 
hilar organisms, as the protein complement expressed by a are being determined has generated huge amounts of 
tissue or differentiated cell [1]. In the most common im- sequence information, for some species even complete 
plementation of proteome analysis the proteins extracted genomic sequences ([15—17]). The description of the 
from the cell or tissue analyzed are separated by high state of a biological system by the quantitative measure- 
: ment of system components has long been a primary 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 
. profiling projects. We see three main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are Indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. P. Gygi et al., submitted for 
publication). mRNA expression levels were calculated 
from published SAGE , frequency tables [22]. Protein 
expression levels were quantified by metabolic radiola- 
beling of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DE 
and mass spectrometric identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dieted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. 1). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
et al., submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript. 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
. ylation, prenylation, acylation, ubiquitination or one or 
more of many other, modifications [23] and many pro- 
teins are only functional if specifically associated or com- 
plexed witb other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figure 1. Correlation between mRNA and protein levels in yeast cells, 
I : or a selected population of 80 genes, protein levels were measured 
by 3i -S-radiolabe!ing and mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region, 
Por more experimental details, also see Figs. 5 and 6, (S. P. Gygi el al., 
submitted). 

are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone: 

13 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly 'different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translational and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- . 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis; degradation, 
processing and modification, which are only apparent by 
direct protein . analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many proteins are dynamically 
post-translationally modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro- 
cessed post-translationally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylainide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
~ techniques. Thus, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame. Therefore, a successful, 
general proteomics technology requires high sensitivity, 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

3.2 2-D electrophoresis — mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
■proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IEF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 



samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25] and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylamide gels have traditionally 
been identified using /V-terminal sequencing [26, 27], 
internal peptide sequencing [28,. 29], immunoblotting or 
comigration with known proteins [30]. The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted ii\fl 
fundamental change in the way proteins are identified fy 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33]. 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins 
from the gel matrix for analysis. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today. The 
most significant strengths of the 2-DE-MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymatically or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after eiectrotransfer out 
of the gel onto a suitable membrane ([29, 35—37] and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
MS /MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software system's dedicated to the use of peptide MS 
and MS/MS spectra for the identification of proteins. 
Proteins are identified by correlating the information 
contained in the MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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figure 2. Schematic diagram of a procedure for identification of eel- 
separated proteins. Peptides can either be separated by a technique 
such as LC or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment massesfrom CID spectra of peptides, 
or a combination of both." 



raphy [39, 40] or capillary electrophoresis (41), the anal- 
ysis of the separated peptides by electrospray ioniza^ 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33]. The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation', 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database aud thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 



required. As an approximate guideline, for samples con- 
taining tens of picomoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high femtoniolc amounts we use capillary 
LC-MS/MS; and for samples containing fcmtomoles or 
less, CE-MS/MS is the method of choice. 

3.3.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [42]. This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. 'Hie relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less . than. 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

3.3.2 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 urn ID 
column rather than a 0.5 mm ID column as referred, to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et at., submitted for publication). Using this capillar)' 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel [40]. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 



3.3 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS /MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 



3.3.3 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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Figure 3. Schematic illustration of a 
microfabricated analytical system for CE, 
consisting or a micromachined device, 
coated capillary eleetroosmotic pump, 
and microelectrospray Interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make (hem more visible. Reproduced 
from |45|, with permission. 



microfabricated devices for (he introduction of samples 
into RSI-MS for high-sensitivity peptide analysis. 

The basic device is a piece or glass into which channels 
of 10-30 um in depth and 50-70 \im in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels arc 
connected to an external high voltage power supply [45]. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials. to the 
reservoirs. This creates a solvent flow by eleetroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching, the position 
of the electrodes on the device. The direction and rate or 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/uL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical 
or peptide contaminants. The MS is programmed to auto-^ 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomole level sensitivity at a 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-DE-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. Codon bias is a 
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Figure 4. MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car' 
bonic anhydrase are numbered. Repro- 
duced from (45L with permission. 
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Figurt 5 2-DE separation of a lysate of yeast cells, with identified proteins highlighted. The first dimension of separation was an IPO from 
pH 3-10, and the second dimension was a 10%T SDS-PAGR B cl. Proteins were visualized by silver staining. Further details of experimental 
procedures arc included in S. P. Gvgi « a/, (submitted). 
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calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [461. The E en " 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. S are shown in Fig. 6b. Nearly all of the pro- 
teins identified f> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
the proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

This finding is of cousiderable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy, ll is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proleomes containing many more proteins than 
the approximately 6000 gene products present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells; there- are potentially 50 000-100 000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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figure 6. Calculated codon bias values for yeast proteins. (A) Distribu- 
tion of calculated values for the entire yeast proteome. (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also ' 
shown in Figs. 1 and 5. Further details of experimental procedures arc 
included in S. P. Oygi a al. (submitted). 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a. mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use' of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive: The most common implementation of this idea is 
the separation of proteins .by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, ceil activation and disease can all 
significantly change the proleome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 



tion 2-DE maps of proteins isolated from rat serum. 
Fig. 7A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment .with an inflammation-causing agent [49]. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe: 
cies or coll type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively, 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD (SO] (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for. many of the spots 
which are positively identified in reference samples. 

4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable {e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay; mul- 
tiple variables {e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate ■ specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- . 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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tive comparative analysts of hundreds to a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For . this type of analysis it is not 
essential that all the proteins are identified or even visu- 



alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular stnte dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 
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Rgure 7. High resolution 2-DE map of proteins isolated from ral serum with or without prior exposure to an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7.5-17.5%T gradient SDS-PAGE gel. Proteins were visualized by staining with aniido black, further details 
of experimental procedures axe included in [14, 491. 



t / 



1870 P. A. Hayncs el at. 

Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
Hie approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
p/) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number oX tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 
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We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficientjor 
analysis or experimentation. The fact that to date/no 
complete proteome has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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